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Abstract

Climate change and global warming caused by the buildup of carbon dioxide and
other greenhouse gases are becoming increasingly problematic global issues. There-
fore, there is a pressing need to find alternative low-emission energy sources. There
have been many breakthroughs in renewable energy production through solar and
wind power in the effort to electrify society. However, some critical heavy industrial
processes, like steel production, cannot be easily electrified. These processes will still
require chemical fuels to reach extreme temperatures and pressures. This creates a

need to develop zero-carbon or carbon-neutral fuels for these processes.

Zero-carbon or carbon neutral fuels include green hydrogen, green ammonia,
hydrocarbons obtained through the conversion of carbon dioxide. These fuels need
to be created through gas conversion processes that have low in carbon emissions
and that are economically feasible, and energy efficient. Plasma gas conversion is one
method gaining traction in this field. This research aims to study the use of non-
thermal plasmas for gas conversion applications at near ambient temperature and
pressure. The near-ambient conditions would eliminate the need for costly materials

and resources.

This study explores the use of a planar gliding discharge reactor, which is not
a well-studied method of producing NTPs. Therefore, this work will provide vital
preliminary analysis of the workings of a planar gliding discharge reactor through
the analysis of electrical data, thermal data, and CFD simulations. In this study, a
modification to the typical electrode design of a planar gliding discharge reactor will

be implemented to help increase its efficiency. Ultimately, this study paves the way
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for future work to further study and refine the reactor and its process in the effort to

aid the electrification of our society.



Abrégé

Le changement climatique et le réchauffement de la planete causés par ’accumulation
de dioxyde de carbone et d’autres gaz a effet de serre deviennent de plus en plus
problématiques au niveau mondial. Il est donc urgent de trouver des sources d’énergie
alternatives a faibles émissions. De nombreuses percées ont été réalisées dans la
production d’énergie renouvelable grace a l'énergie solaire et éolienne, dans le but
d’électrifier la société. Cependant, certains processus industriels lourds critiques,
comme la production d’acier, ne peuvent pas étre facilement électrifiés. Ces processus
nécessiteront toujours des combustibles chimiques pour atteindre des températures et
des pressions extréemes. Il est donc nécessaire de développer des combustibles sans

carbone ou neutres en carbone pour ces processus.

Les carburants sans carbone ou neutres en carbone comprennent 1’hydrogene vert,
I’ammoniac vert et les hydrocarbures obtenus par conversion du dioxyde de carbone.
Ces combustibles doivent étre créés par des procédés de conversion des gaz a faibles
émissions de carbone, économiquement viables et efficaces sur le plan énergétique. La
conversion des gaz par plasma est une méthode qui gagne du terrain dans ce domaine.
Cette recherche vise a étudier ['utilisation de plasmas non thermiques (PNT) pour des
applications de conversion de gaz a une température et une pression proches de celles
de 'air ambiant. Les conditions quasi ambiantes élimineraient le besoin de matériaux

et de ressources colteux.

Cette étude explore l'utilisation d’un réacteur a décharge planaire, qui n’est
pas une méthode de production de PNT bien étudiée. Par conséquent, ce tra-
vail fournira une analyse préliminaire essentielle du fonctionnement d’un réacteur

a décharge planaire par le biais de 'analyse des données électriques, des données
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thermiques et des simulations de Dynamique des Fluides Numérique (DFN). Dans
cette étude, une modification de la conception typique des électrodes d’un réacteur
a décharge planaire sera mise en ceuvre afin d’en augmenter Uefficacité. Enfin, cette
étude ouvre la voie a de futurs travaux visant a étudier et a affiner le réacteur et son

processus dans le but de contribuer a I’électrification de notre société.
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Chapter 1

Introduction

1.1 Background & Motivation

The rising average global temperature, usually referred to as global warming, is driven
by the buildup of greenhouse gases in the atmosphere. These greenhouse gases en-
compass a wide range of gases that trap heat radiated by the earth by absorbing it
and heating up the atmosphere. One of the most significant of those gases is carbon
dioxide, or COs. Therefore, to combat global warming, the increased CO5 emissions
from human activities need to be reduced. These activities include, energy generation,
cement production, and other heavy industrial processes. As CO, keeps accumulat-
ing in the atmosphere, a more long-term and extreme change in the earth’s climate
is underway. This phenomenon, usually referred to as climate change, includes a
wide range of extreme weather conditions and natural disasters, from hurricanes to
droughts. These weather conditions and natural disasters have already been on the

rise recently and should only be expected to increase in frequency and magnitude af-
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fecting an increasing percentage of the population and leading to potentially billions

of dollars in damages worldwide.

For a long time, the research has focused on finding alternative means of pro-
ducing energy or electricity with advances made in solar panels, wind turbines, and
hydroelectric power. However, energy production is one variable in the equation.
Many industrial processes, such as those to produce steel, cement, and fertilizers,
release tons of COy into the atmosphere annually. This is where electrification comes
into play. Some industrial processes that produce large amounts of greenhouse gases
could be modified to use electricity, which, if obtained from green renewable sources,
would cut down on their emissions. However, not all industrial processes are compat-
ible with electricity, for example, due to high temperature and pressure requirements.
Therefore, more innovative solutions and methods need to be used for their electri-
fication. One such solution is to replace the fossil fuels used in these processes with
zero-carbon or carbon-neutral fuels. These fuels have a net zero carbon cycle, where

no extra carbon is added to the atmosphere from burning them.

A multitude of methods of producing zero-carbon and carbon-neutral fuels have
been or are actively being studied, but no major breakthroughs have been made.
However, one method has been gaining significant attention lately from many research
teams worldwide, that is gas conversion using plasma. Practically, plasma allows
for the direct conversion of electrical energy into thermal and/or chemical energy.
Allowing for green electricity to be used to produce zero-carbon or carbon-neutral

fuels.

Plasma processing media can be differentiated based on bulk gas temperature and

electron temperature: equilibrium plasmas, or thermal plasmas, and non-equilibrium
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plasmas, or non-thermal plasmas. The first occurs when constituents are in thermal
equilibrium, while the second arises when electrons are generally much hotter than
the heavier species. In some situations and applications a non-thermal plasma can
be better suited for gas conversion due to its minimal impact on the bulk gas tem-
perature (i.e., more chemistry, less heating). This allows for the efficient operation
of thermodynamically unfavorable and energy-intensive reactions. Moreover, it can
facilitate chemical reactions under near ambient conditions, reducing the complexity
and cost of the equipment and allowing for the decentralization of the production of

fuels.

There are a number of ways or configurations to produce a non-thermal plasma
in a controlled volume or in a reactor. However, one of those different methods
or reactor configurations stands out from the rest: gliding discharge reactors. On
paper, gliding discharge plasmas offer a theoretically higher gas conversion efficiency
at ambient temperature and atmospheric pressure. However, due to a number of
issues, this configuration is understudied, with very little work done on understanding
the discharge, its characterization, or the optimization of the design. Thus, a study
where a gliding discharge reactor is designed, optimized, studied, and characterized is
needed. Ultimately, this study will enhance over the understanding of the operation
of a gliding discharge reactor. This would allow for future studies to build upon and
use the knowledge to design better and more efficient plasma reactors paving the way
to a more efficient production of zero-carbon and carbon-neutral fuels. These fuels

are vital for the electrification efforts of heavy industrial processes.
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1.2 Thesis Objectives

This study aims to address a gap in the design, optimization, and characterization of
planar gliding discharge reactors for gas conversion applications, specifically the pro-
duction of zero-carbon and carbon-neutral fuels using electricity. Gliding discharges
were chosen because they possess characteristics that make them more advantageous
for gas conversion applications than other means or configurations of plasma reac-
tors. This is due to them combining aspects of both equilibrium and non-equilibrium
plasmas. A planar configuration of a gliding discharge reactor is an excellent place
to start due to its simplicity and it’s potential in allowing the use of the reactor walls
to introduce a catalyst layer into the reactor. The main purpose of this study is
to characterize the discharge as opposed to studying efficiency and conversion rates
directly. Thus, an easily accessible, safe, and non-reactive gas like nitrogen would be
ideal for the working gas. Eventually, more reactive gases and catalysts could be used
in the reactor to study conversion rates and energy efficiencies. However, these are
beyond the scope of this thesis. This thesis aims to address the following objectives:
design, optimize, and characterize an atmospheric pressure planar gliding discharge
reactor that can be used to study plasmas in gas conversion applications related to
the electrification of industrial processes. The following additional conditions need to

be satisfied:
1. Design an easily assembled and disassembled reactor.
2. Generate stable and repetitive discharges.

3. Design a reactor that allows for easy introduction of a catalyst layer.
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1.3 Thesis Organization

This thesis is structured as follows: In Chapter 2, a comprehensive literature review
of plasma for gas conversion, the use of boron nitride nanotubes as catalyst carriers,
as well as the workings of computational fluid dynamics and thermal imaging, is
presented. In Chapter 3, the processes of reactor design, optimization, and setup
are presented. Chapter 4 presents and discusses the electrical data used for the
preliminary characterization of the discharge. Chapter 5 presents and discusses the
computational fluid dynamics and thermal data obtained. Finally, Chapter 6 makes
some concluding remarks on the content of this thesis as well as suggestions for future

work.






Chapter 2

Literature Review

2.1 Plasma for Gas Conversion

2.1.1 Introduction to Plasma

Plasma is considered the fourth state of matter and consists of an ionized gas. This
state exists in nature, constituting 99% of all visible matter in the universe. Plasma
is an extraordinary state of matter governed by complex physics, chemistry, and
electrical phenomena. On Earth, man-made plasma can be generated for various
applications, from industrial to biomedical purposes. These plasmas are created by
applying high voltage difference across electrodes with a gas in between, creating a
strong electric field. This field ionizes gas atoms by stripping electrons from them and
accelerating these electrons to high speeds, increasing their kinetic energy. Subsequent
collisions between these electrons and other gas particles excite, ionize, or dissociate
them, resulting in a mixture of neutral particles, excited species, positively charged

ions, and negatively charged electrons. Notably, the number of positive and negative
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particles remains equal, rendering the plasma electrically neutral, commonly referred

to as “quasi-neutral” [1].

The minimum electrical potential required to achieve ionization is known as the
breakdown voltage V}, which depends on the applied electric field, gas composition,
and pressure. The breakdown voltage V;, can be calculated using the Townsend Break-

down equation [2], shown in Equation 2.1.

Bpd
Apd
In (m(lﬂ))

Here, p, d, and v represent pressure in pascals, distance between electrodes in

v, = (2.1)

meters, and the secondary electron emission coefficient for the electrodes, respectively.
Constants A and B are determined experimentally and are constants over a given

range of E/p for a specific gas [2].

The variation of V}, with distance, gas composition, and pressure can be visualized

using Paschen curves, as illustrated in Figure 2.1.
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Figure. 2.1: Paschen Curve depicting Vj, for different pd values in various gases,
including air and nitrogen [3].

Plasma can be generated over a wide range of conditions including gas temper-
atures, pressures, electron temperatures, and electron densities. Generally, plasmas
are classified into thermal (equilibrium) and non-thermal (non-equilibrium) types.
Thermal plasmas (TPs) achieve local thermal equilibrium with high temperature and
pressure, typically ranging from 10,000 to 50,000 K (1 to 5 eV) [4]. These plasmas
convert electrical energy into heat energy, suitable for applications such as plasma
cutting. They are characterized by high electron densities, necessitating significant

currents that are required for thermalization into an arc.

Non-thermal plasmas (NTPs), on the other hand, maintain a significantly higher
electron temperature T, compared to ion temperature 7T; and neutral particle temper-
ature T,,, thus lacking local thermal equilibrium. This condition is typically achieved
at low pressures where minimal energy input prevents thermalization. However, NTPs

can be generated at atmospheric pressures and have become more common recently.
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Figure 2.2 illustrates the relationship between 7. and gas temperature 7, as a

function of pressure, highlighting the regions of thermal and non-thermal plasma.
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Figure. 2.2: Variation of T, and T, with pressure, distinguishing thermal and non-
thermal plasma regions [5].

Warm plasmas, occupying intermediate regions between TPs and NTPs, com-
bining properties from both such as a high electron density from TPs and low gas

temperature from N'TPs, offering versatility in its applications.

2.1.2 Plasma Facilitated Chemical Reactions

One of the properties of plasma that makes it attractive for gas conversion applications
and chemical reactions is its high electron temperature 7., a characteristic shared by
all types of plasma. At these temperatures, electrons facilitate chemical reactions
through bond dissociation, radical formation, ionization, and many other pathways.

These pathways lead to the formation of reactive species, ions, additional electrons,



2.1 Plasma for Gas Conversion 11

radicals, and metastable species within the plasma [1]. While most of these reactions
could be achieved using thermal catalytic pathways, plasma catalysis may accelerate

reactions approximately two to three times [2].

While applicable to most types of plasma, not all are well-suited for chemical
reactions. Apart from the high energy requirements for generating TPs, they also
necessitate rapid cooling or quenching of products. This step halts the decrease in
conversion ratio due to recombination mechanisms and effectively freezes reactions
[6]. Conversely, NTPs operate at lower gas temperatures and are better suited for
thermodynamically unfavorable chemical reactions. They operate nearly at ambient
temperatures while remaining chemically reactive, enabling even endothermic reac-
tions or those with high reactant dissociation energies to proceed [2]. This selectivity
makes N'TPs more suitable for gas conversion applications. However, NTPs are typi-
cally produced in low-pressure environments, which reduces yield and increases equip-
ment costs. Some of the challenges associated with both TPs and NTPs for chemical
reactions can be mitigated by using warm plasmas. These plasmas can operate at
ambient or atmospheric pressure while maintaining a lower bulk gas temperature,

offering enhanced chemical selectivity compared with TPs and NTPs.

While cool and warm plasmas exhibit greater selectivity than hot plasmas, their
effectiveness can be further enhanced by incorporating a catalyst. This catalyst lever-
ages the abundance of reactive species and radicals generated by the plasma to direct
reactions towards desired products. This process, known as plasma catalysis, has
shown significant increases in conversion rates and efficiencies when a catalyst is in-

troduced [7].
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When combining a catalyst with a plasma source in plasma catalysis, two con-
figurations are commonly utilized. Figure 2.3 depicts three possible plasma reactor
setups. The first configuration is a simple plasma reactor without a physical catalyst.
Introducing a catalyst allows for two additional configurations: an in-plasma cataly-
sis (IPC) configuration, where the plasma interacts directly with the catalyst and its
surface, and a post-plasma catalysis (PPC) configuration, where long-lasting excited

species by the plasma subsequently interact with the catalyst [1].

Plasma

Figure. 2.3: Three possible configurations for plasma reactors, including the two
configurations possible when combining plasma with a physical catalyst for plasma
catalysis [1].

In an IPC configuration, the direct interaction between plasma and catalyst
yields various synergistic effects beneficial for plasma catalysis, such as morphological
changes in the catalyst, changes in oxidation states, altered reaction pathways, effects
on catalytic poisoning, lowered activation barriers, enhanced adsorption of molecules
by vibrationally excited species, collisions with inert gas particles or molecules, and

photocatalysis activation through UV light emitted by the plasma [8], [9].
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Unlike IPC configurations, PPC configurations exhibit fewer synergies due to the
short lifespan of many reactive species and plasma intermediates, which limits their
interaction with catalyst surfaces [7]. However, PPC facilitates scaling of the process
in some cases because the plasma source and catalyst can be scaled up separately [7].
While IPC configurations are challenging to scale up as a single unit, scaling up the

process through replication may be economically feasible [10].

2.1.3 Plasma Sources and Reactors for Plasma Catalysis

There are various methods used to produce non-thermal plasma (NTP) or warm
plasma and configure plasma reactors. Table 2.1, adapted from [7], summarizes nu-

merous NTP production methods and reactor setups.
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Table 2.1: Different methods of producing NTP or warm plasma and various reactor

configurations.

NTP Production Method

Reactor Setup

Dielectric Barrier Discharge (DBD)

Volume DBD:

- Annular/packed bed

- Plate to plate

Surface DBD:

- Annular with coil

- Dielectric plate with mesh
DBD hybrid setups:

- Hybrid surface/packed bed
- Corona setup

Corona Discharge

Cocurrent design:

- Point to plane

- Pin to plate

- Needle to plate
Crosscurrent designs:
-Wire to plate

- Multitoothed wheel

Gliding Arc

- Gliding arc
- Rotating gliding arc
- Reverse vortex gliding arc

Atmospheric pressure plasma jet

- AC driven
- Pulsed DC driven
- Microwave driven

Pulsed Microwave Discharge

- Waveguide-Based

- Coaxial Cable

- Resonant Cavity

- Microstrip Line

- Slotted Waveguide Array

Among the various configurations, gliding discharge reactors are particularly ef-

fective for generating warm plasma, combining NTP benefits of low bulk gas tem-

peratures with the high pressure, current, and electron density characteristic of TPs.
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Additionally, they exhibit better energy efficiency compared to DBD and corona
plasma reactors, even when a catalyst is used in the latter configurations. There-
fore, the addition of a catalyst to a gliding discharge reactor can further enhance its

efficiency [11]-[13].

In this study, while no specific focus is placed on a single chemical reaction,
significant attention is given to nitrogen fixation and carbon conversion reactions as
part of efforts to electrify heavy industrial processes. Plasma reactors offer rapid
start-up and shutdown capabilities, making them ideal for pairing with intermittent
energy sources for converting Ny and CO, into value-added products or chemical
energy for storage. This capability aligns well with renewable energy sources such as
solar or wind power, which are inherently intermittent. Thus, when surplus power is

available, reactors can quickly convert electrical energy into useful chemical energy.

Nitrogen Fixation

In 2019, global ammonia production reached 235 million tonnes, making it the second
most produced chemical after sulfur [14]. Ammonia is crucial for fertilizers, support-
ing approximately 50% of global food production [15]. The Haber-Bosch process,

established over a century ago, dominates ammonia production:

Ny + 3Hy <— 2N Hs + 46.1 kJ/mol ™ (2.1)

This exothermic reaction releases around 46 kJ/mol-NHjz, making high pressure
and low temperature ideal for equilibrium ammonia formation. However, at such

conditions, the yield of ammonia is extremely low and not economically feasible.
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Therefore, the gases need to be reacted at high temperatures and pressures. These
conditions are still not ideal since they favour ammonia decomposition [16]. Optimal
conditions are achieved at temperatures between 400 °C and 500 °C and pressures
between 100 and 200 atm [15]. However, this process remains costly in terms of
capital, operating expenses, and energy use. Approximately 20% of global ammonia
synthesis energy is consumed by the Haber-Bosch process, with the remainder used for
hydrogen production via steam methane reforming [14], [17]. Thus, greener ammonia
production methods are essential, particularly given rising global demand due to the
ever growing population and diverse potential applications for ammonia, as depicted

in Figure 2.4.
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Figure. 2.4: Potential expanded uses of ammonia indicating increased future de-
mand. Ammonia could serve as a fuel or heat transfer/storage medium [18].

Numerous ammonia synthesis methods have been studied, with plasma, partic-
ularly NTPs, showing promise due to its low theoretical energy requirement (Figure
2.5). Current NTP tests employ DBD discharge reactors with various metal and

metal oxide catalysts. However, none have matched Haber-Bosch’s 15% yield and
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0.1 MJ/mol-NHjz energy consumption, or 0.47 MJ/mol-NHj3 with intermittent energy
sources. Currently, the best DBD reactors achieve only 9% yield at 1.5 MJ/mol-NHj,
far from the value expected with intermittent sources of around 0.47 MJ/mol-NHs.
This is due to an inefficiency in the mode by which a DBD reactor promotes the dis-
sociation of Ny and Hy molecules onto a catalyst. Figure 2.6 highlights atmospheric
pressure Ny dissociation modes relative to reduced electric field (Td). Microwave and
gliding discharges outperform DBD, with more efficient vibration-based Ny dissocia-
tion [19].
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Figure. 2.5: Comparison of ammonia synthesis methods based on energy require-
ments. The theoretical limits depend on reaction pathways, energy sources and a
range of other factors. Non-thermal plasmas (NTPs) exhibit the lowest theoretical
energy requirement [20].
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Figure. 2.6: Electron energy loss fraction in pure nitrogen gas versus reduced electric
field (Td). Various NTP discharge types correspond to different reduced electric field
ranges, with microwave and gliding discharges demonstrating more efficient molecular
dissociation via vibration excitation [19].

Carbon Dioxide Conversion

Climate change, or the long-term change in average temperatures and weather pat-
terns on Earth, is proving to be detrimental to human life with increasing droughts,
floods, hurricanes, and wildfires. These natural disasters have been increasing in
severity and frequency, with around 7,350 major disasters recorded worldwide be-
tween 2000 and 2019, marking a sharp increase compared to the twenty years prior.
These disasters are estimated to have affected nearly 4 billion people, claiming the
lives of over 1.2 million of them [21]. Climate change is caused by the increase in
greenhouse gases (GHGs) dumped into the atmosphere by human activity. These

gases are essential for Earth to remain habitable as they trap heat energy radiated
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by the Earth. However, if the GHGs in the atmosphere exceed a certain limit, we get
more warming than desired, or global warming, which is detrimental for life on Earth

and is the driving force behind climate change.

Nowadays, many countries around the world are seeking ways to reduce their
climate impact to ensure that the average global temperature does not increase by
more than 2°C above industrial levels. One of the most significant culprits is COs,
produced by our cars, planes, industrial processes, and fossil fuel burning for energy.
To combat climate change, there are multiple routes that could be taken. One of these
routes involves capturing atmospheric carbon or trapping carbon locally at the source.
This captured or trapped carbon can then be treated not as waste, but as a carbon
source that could be utilized for many different applications, including reduction into
CO or hydrogenation into methane and other hydrocarbons. It is predicted that
carbon conversion into value-added products will be crucial to electrification efforts

19].

However, COs is an extremely chemically and thermodynamically stable molecule,
requiring a significant amount of energy to break the C=0 double bond [22]. Thus,
any carbon conversion processes are extremely challenging. Several methods have
been tested for carbon conversion applications, from photocatalytic and electrocat-
alytic processes to enzyme/biological conversion [22]. However, none have been viable
due to high energy and capital demands. Herein lies the significance of non-thermal
plasmas (NTPs), which allow us to chemically activate or dissociate CO2 molecules at
much lower temperatures than pure thermal pathways. With the addition of suitable
catalysts, the reaction could be steered towards the desired products. The reduction

reaction of CO, into CO using plasma catalysis has gained traction recently. Tests
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with Dielectric Barrier Discharge (DBD) reactors showed a 40%-50% CO, conversion
but with a relatively low energy efficiency of just 15%. On the other hand, tests with
Microwave (MW) and Gliding Arc (GA) reactors showed a significant improvement in
energy efficiency to around 50%-60%. However, this improvement came at the cost of
yield, which dropped to around 20%. Therefore, breakthroughs in design, operating
conditions, and catalyst choice need to be made before plasma catalysis becomes a

viable option for CO5 conversion [19].

As the test results discussed above show, MW and GA discharges are proving
once again to be the more energy-efficient configurations for carbon conversion appli-
cations. This is because, similar to Ny dissociation, CO, dissociation onto a catalyst
surface is most efficient with vibrational excitation. Moreover, like Ny, the vibrational
excitation mode of COy dominates the reduced electric field operation range of MW
and GA discharges, unlike the DBD region, which is dominated by ionization and
electronic excitation. Figure 2.7 shows the different modes of CO, molecule disso-
ciation onto a catalyst surface with the efficiency of electron energy transfer on the

y-axis and the reduced electric field (Td) on the x-axis [19], [23].
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Figure. 2.7: Electron energy loss fraction in pure carbon dioxide gas versus reduced
electric field (Td). Microwave and gliding discharges again demonstrate more efficient
molecular dissociation via vibration excitation [23].

To better understand this difference in efficiency, we can examine the electron en-
ergies characteristic of DBDs versus those characteristic of MW and GAs. In DBDs,
the activation and dissociation of COy through ionization or electronic impact exci-
tation are only possible with electrons having at least 7 eV of energy. However, this
level of energy is significantly higher than the theoretically required energy to break
the C=0 bond (5.5 eV), resulting in wasted energy. On the other hand, MW and
GAs have significantly lower electron energies in the range of 1—-2 eV. This allows
them to facilitate dissociation through the more energy-efficient step-wise vibrational

pathway with only 5.5 eV of energy expenditure. However, for MW discharges, a
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reactor will need to be kept at very low pressures, increasing the complexity, cost,
and overall energy consumption, leaving GA discharge reactors as the most promising

avenue for further study and optimization [24].

For the remainder of this subsection, literature on nitrogen fixation and carbon
conversion via plasma catalysis will be reviewed, summarized, and conclusions drawn.
Studies encompass glow, dielectric barrier, gliding, radio frequency, and microwave

discharges.

Glow Discharge

Glow discharge plasma is typically generated in a low-pressure environment (1—10
Torr) between two flat electrodes. A potential difference ranging from a few hundred
volts to several thousand volts is applied across the inter-electrode gap to create an
electric field in the chamber. This field accelerates a small number of randomly ionized
gas particles (positively charged) toward the cathode and their electrons toward the
anode. Due to the low pressure (low particle density), these charged particles have
sufficient space (mean free path) to gain speed before colliding with other particles.
Subsequently, these fast-moving particles ionize gas molecules. Excited atoms rapidly
lose their energy by emitting photons of specific wavelengths, which gives rise to the
characteristic “glow” of this discharge [25]. The exact operational mechanism of glow
discharge will not be expanded on further here. However, Figure 2.8a depicts a typical
image of a glow discharge, while Figure 2.8b presents a detailed diagram illustrating

the different discharge regions [26].
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Figure. 2.8: (a) Typical image showing glow discharge generated in a low-pressure
argon gas chamber [26]. (b) Diagram illustrating typical regions in glow discharge
plasma [26].

Due to the typically required low operating pressure, glow discharges are not ideal
for plasma catalysis due to high complexity, cost, and low yield. However, progress has
been made in the development of Atmospheric Pressure Glow Discharges (APGD).
Although the operating mechanism remains similar, a different configuration is neces-
sary to generate a glow discharge at atmospheric pressure. In APGD, the flat cathode
electrode is replaced with a sharp pin cathode. This modified electrode configuration
concentrates the electric field, facilitating discharge formation with gas flowing axially

around the pin. Figure 2.9 depicts an example of an APGD setup using hydrogen.
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This new configuration shows promise for gas conversion as it retains NTP charac-
teristics while operating at atmospheric pressure. The forthcoming literature review

on glow discharge plasma catalysis will mainly focus on APGD [27].
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Figure. 2.9: Pin electrode configuration for generating glow discharge at atmospheric

pressure using hydrogen gas. This setup exhibits similar characteristics and regions
as previously described. [28]

As early as 1999, experiments employing APGD catalysis for COy decomposition
into CO and O were conducted. Studies using various catalysts (Au, Rh, Pt, and
Pd), an 8 kHz AC current, and a gas flow rate of 20 mL/min of 4% CO; in He
achieved a maximum conversion of around 20% with a copper catalyst but with a
modest efficiency of approximately 1.6%. Silver catalysts demonstrated the highest
efficiency at around 9.3%, albeit with only a 7.3% conversion. Varying the COy
concentration in the feed gas marginally improved yield and efficiency. Currently,

these figures do not demonstrate promising applications of APGD catalysis for CO,
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decomposition or reduction. However, potential future advancements may enhance

the conversion and efficiency of this process [29].

APGDs have also been examined for CH,; and COy reforming into CO and H,
(Reaction 2.2 below). The discharge was generated using an AC current and a sus-
tained voltage of approximately 4500 V. This study reported a high conversion of
around 83%, yet with a significantly low energy efficiency of only approximately 3%,

again illustrating that APGDs are suboptimal for this application.

Several studies have explored glow discharge plasma catalysis for ammonia syn-
thesis, although extensive recent research is lacking due to the prevalence of more
promising NTP reactor configurations. Studies conducted using transition metals or
their oxides as catalysts mostly reported modest ammonia yields of around 2% or 3%
with very low energy efficiencies [30], [31]. One study using a silver catalyst achieved a
yield of approximately 81%, though energy efficiency was not reported but presumed

to be very low [32].

Dielectric Barrier Discharges

Dielectric barrier discharges (DBDs) represent one of the most extensively studied
plasma discharge modes for applications such as ammonia synthesis and carbon diox-
ide conversion. This is primarily due to them operating at atmospheric pressure,
facilitating industrial scalability [33]. DBDs can be generated in various reactor con-

figurations, but their fundamental working principle remains consistent. We will
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briefly examine the working principle and characteristics of the simplest configura-
tion, known as planar DBDs (depicted in Figure 2.10). Like most plasma devices, a
potential difference is applied across a pair of metal electrodes. However, in DBDs,
these electrodes are separated by a resistive or insulating dielectric layer. This di-
electric layer suppresses the discharge, preventing thermalization and arc formation,
thereby maintaining a non-thermal plasma even at atmospheric pressure and low fre-
quencies. The dielectric barrier helps maintain the NTP by preventing a continues
conductive path between the electrodes and by accumulating charges that create an
opposing electric field. However, as seen in Figures 2.6 and 2.7, DBDs are not the
most efficient configuration for gas conversion due to their relatively high electron
temperatures (T.), which are sub-optimal for vibrational excitation. This limitation

is reflected in the literature discussed below.

Metal electrode Electrode

Cooling

IFan { Peitier elemend

High voltage Grounding

Figure. 2.10: Schematic diagram of a planar DBD plasma generating device powered
by an AC current. The figure illustrates key components required for operating a DBD
reactor [34].
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In a study investigating a DBD reactor using a Mg/Al alloy oxide catalyst at a
CO, flow rate of 0.044 L/min and a frequency of 9 kHz, a maximum COy conver-
sion into CO and O, of approximately 21% was reported [35]. However, the energy
efficiency was only around 5.3% [35]. Another study achieved a slight improvement
in conversion by diluting the inlet CO, flow with nitrogen, reporting a conversion of
around 23% [36], but did not discuss energy efficiency. This omission is likely due to

a similarly low figure as the previous study.

Paulussen et al. [37] examined the impact of flow rate, input power, and frequency
on reducing pure CO, flow into CO and O,. The highest conversion, approximately
30%, was observed at an input power of 200 W, a frequency of 60 kHz, and a flow rate
of 0.05 L/min. This rate represents an improvement over similar studies reporting
a maximum conversion in the low twenties or teens. The study also highlighted a
significant dependency of conversion on inlet gas flow rate, with an increase from 0.05
L/min to 0.5 L/min decreasing the conversion from 30% to 3.56%. Notably, the study
did not address energy efficiency, a critical issue for DBD reactors due to their mode

of CO, dissociation.

For ammonia synthesis through nitrogen fixation, a study using an AC-powered
DBD reactor at 3 kHz with hydrogen and nitrogen gases at flow rates ranging from
0.04 to 0.1 L/min investigated various Ny:Hs ratios of 3:1, 1:1, and 1:3. At a 1:1
ratio and 0.08 L/min flow rate, the NH3 concentration at the outlet was significantly
lower with plasma alone (1800 ppm) compared to plasma with a Co/MgAl,O4 catalyst
(7000 ppm), demonstrating the selectivity enhancement of plasma catalysis. However,
unlike carbon conversion, ammonia conversion significantly improved with increasing

flow rate up to 0.1 L/min. Energy efficiency was not discussed in the paper but was
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provided in supplementary materials, with the maximum measured efficiency being
approximately 1.19 g-NH3/kWh. This figure is notably low compared to the 500 g-
NH;/kWh or 150—200 g-NH3/kWh for the traditional Haber-Bosch and small-scale

Haber-Bosch processes, respectively [38].

Across numerous studies investigating DBD plasma catalysis for ammonia syn-
thesis, low energy efficiency remains a consistent trend. Mindong et al. [39] noted
a 75% improvement in ammonia concentration using a catalyst compared to plasma
alone, with a marginal energy efficiency increase to approximately 1.83 g-NH;/kWh.
Another study found that a porous catalyst support enhanced adsorption and en-
ergy efficiency to around 2.41 g-NH3/kWh. However, the highest reported energy
efficiency was achieved by Kim et al. [40], reporting an impressive 35.5 g-NH3 /kWh
using pulsed plasma with a Ru-Mg/Al,O3 catalyst, albeit with a conversion of only
around 2.55%.

As of the current literature, the best energy yields achieved are still over an
order of magnitude lower than those of the traditional Haber-Bosch process, high-
lighting DBDs’ current limitations for industrial electrification and the synthesis of

zero-carbon and carbon-neutral fuels through gas conversion.

Radio Frequency or Microwave Discharges

The physics of radio frequency (RF) and microwave (MW) discharges can become
complex and are not essential for this thesis. Therefore, only a brief description of
their generation mechanisms and operating conditions will be provided. Interested

readers are encouraged to explore further research.
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RF and MW discharge plasma are generated using electromagnetic (EM) radi-
ation in the RF and MW ranges, respectively. RF discharges commonly operate at
13.56 MHz, while MW discharges operate at 2.450 GHz. These frequencies are al-
located worldwide for scientific, industrial, and medical applications. RF and MW
discharges can be configured in various setups and generated under a range of pres-
sures, from very low to atmospheric pressure. What distinguishes them from other
plasma generation methods is their high-frequency driving signal. Unlike other plasma
sources from the previous sections, which use AC signals typically at much lower fre-
quencies (Hz or kHz), RF and MW discharges exploit the time-dependent nature of
plasma development to restrict discharge formation, preventing electrons and charged

particles from reacting fully to the applied field.

As seen in Figures 2.6 and 2.7, MW discharges exhibit reduced electric field
values ideal for dissociating Ny and COy molecules through vibrational excitation,
making them highly attractive for researchers studying nitrogen fixation and carbon
conversion via plasma catalysis. For example, one study investigating MW discharges
for CO, conversion reported a promising energy efficiency of approximately 90%,
despite achieving only a 10% CO4 conversion [41]. In contrast, another study achieved
an 80% conversion but with a lower energy efficiency of about 6% [42]. This suggests
a trade-off between efficiency and conversion, highlighting the need for balance in
optimizing these systems. In a different study, such a balance was achieved with a
43% conversion and an efficiency of about 18%. Notably, most studies investigating
MW discharges for carbon dioxide conversion used very low pressures around 1 Torr,
which is sub-optimal [43]. Thus, further research is necessary to enhance and mature

this technology before it becomes viable [44].
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Despite expectations for high energy efficiency in RF and MW discharge reactors
for ammonia synthesis due to their affinity for dissociating Ny and COs molecules
through efficient vibrational excitation, literature figures remain modest. For most
studies discussed below, energy efficiency is quantified by grams of NHj produced
per kWh, which can then be compared to the traditional Haber-Bosch process: 500
g-NH3/kWh or 150—200 g-NHj3/kWh for traditional Haber-Bosch and small-scale

decentralized production, respectively [38].

Matsumoto’s group [45], [46] utilized RF and MW discharges with Fe and Mo cat-
alysts for ammonia synthesis. This study yielded a maximum energy efficiency of less
than 0.01 g-NH3/kWh, with a conversion of only 11.25%. Another group later tested
metal-impregnated alumina support as catalysts, achieving an even lower conversion
of 0.11% and an energy yield of 0.008 g-NH;/kWh [47], [48]. The highest reported
energy yield of approximately 0.31 g-NH3/kWh came from a study by Carreon et al.
[30]. This value, however, still does not compete with the Haber-Bosch process or

even decentralized production.

Despite the lower energy yields in RF and MW discharge reactors for ammonia
synthesis, these experiments provide valuable insights into this type of discharge.
Although, in theory, RF or MW discharges should be efficient due to their affinity
for dissociating Ny and CO, molecules through the more efficient vibrational mode,
this does not translate to a higher energy yield in practice. This discrepancy could
be attributed to various reasons, including the low-pressure environments usually
required for these discharges. Glow discharges (GDs) remain a viable candidate as
they can operate at atmospheric pressure while remaining in the reduced electric field

range optimal for vibrational excitation.
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Gliding Discharges

Like MW discharges and as evident by Figures 2.6 and 2.7, Gliding Discharges (GD)
are very efficient at dissociating both nitrogen and carbon dioxide molecules via vi-
brational excitation at atmospheric pressure. This means that they have the potential
to be utilized in gas conversion applications, providing an improvement in energy effi-
ciency over the previously discussed discharges. Additionally, unlike MW discharges,
they are usually operated at atmospheric pressure, thus allowing them to be con-
structed with a lower capital investment due to a reduction in the design complexity.
Moreover, since no additional energy is required to maintain low pressures, GDs could

overall have better energy efficiencies even compared with MW discharges.

GDs can be generated in a number of different configurations, from 2D planar
GDs to 3D rotating GDs. However, the working principle behind the different con-
figurations is the same. Therefore, the simplest of the different configurations, the
planar gliding discharge (PGD), will be discussed here. This configuration, which
can be seen in Figure 2.11, works by applying a sufficiently high voltage and current
across a pair of diverging electrodes. An arc is then struck at the shortest distance
between the two electrodes. The working gas, which is injected behind or below
the arc ignition point, then pushes the arc, forcing it to glide along the electrodes,
lengthening it as it does so. The discharge lengthens until it reaches a certain “critical
length” at which the discharge dissipates, prompting a new arc to be struck at the
ignition point and starting the cycle over again. It should be noted that the critical
length and thus, the volume covered by the GD between ignition and termination is
a function of both the power supplied and the heat dissipated. The heat dissipated

itself is a function of many factors, including the length of the discharge and the flow
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rate of the gas. In fact, the flow rate has a huge impact on the reaction kinetics and

behavior of the discharge [49].
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Figure. 2.11: A simplified schematic of a planar gliding discharge generation device
operated by an AC current. The ignition point and extinction point are shown on
the plot. The electrodes used are divergent to allow for the discharge to lengthen and
cool as it glides.

PGDs can be operated using DC or AC currents. However, AC currents offer
some advantages over DC currents in energy efficiency and equal electrode erosion.
This is because, in a DC gliding discharge, a cathode hot-spot can form and hinder
the gliding motion on the cathode, causing unequal wear between the two electrodes.
Thus, AC currents might be a more optimal choice for gas conversion applications.
Most of the tests summarized below use either an AC power supply or a pulsed power

supply, with the latter usually showing improved energy efficiency [49].
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Aside from their affinity for dissociating molecules through vibrational excitation,
GDs are also able to combine properties of TPs and NTPs. Specifically, they can
combine the large electron densities and high pressure of TPs with the more modest
temperatures of NTPs. Thus, GDs are commonly referred to as “warm” plasma.
This property is better demonstrated using Figure 2.12; seen below. At the start of
the glide and in the region nearest to the ignition point, the discharge most closely
resembles a thermal arc and behaves like a quasi-equilibrium plasma. As the arc
lengthens, the heat dissipated from the arc (Qout) increases due to the increased
surface area. This continues until the discharge reaches a length L, at which point the
heat dissipated equals the power supplied to the plasma (Qout = Pj,). The discharge
then transitions from a thermal arc into a cooler glow discharge mode sustaining
a non-equilibrium plasma. This transition is likely due to the continuous increase
in the electric field between the electrodes. This transition is brought about as the
electrons continue to gain energy while the gas molecules in the plasma column are
progressively cooled convectively as the discharge glides and lengthens. The discharge
then continues as a non-equilibrium glow discharge until a length 3L, where the
convective cooling is too large for the power source to support it, at which point it
completely dissipates. This last region occurring between L and 3L is the most ideal
for gas conversion, as was discussed before in the section delving into the advantages of
non-equilibrium plasma. Therefore, maximizing this region would be advantageous for
gas conversion applications. This could be achieved by adjusting flow rates and power
parameters but could also be achieved by redesigning the reactor itself. However, after
reviewing the literature, it was found that very little work is being done to optimize the

design of GD reactors, especially PGD reactors. Additionally, the studies summarized
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below were mainly concerned with studying the effect of different catalysts and power
settings on the energy efficiency and conversion rate of PGD reactors in gas conversion
applications. This is because, despite the simplicity of PGD designs and the ease
of operating them, their non-stationary and non-uniform or non-repeatable nature
makes them challenging for diagnostics and characterization [50]. Thus, gaps in the
literature have been identified. There exists a need to optimize the design of PGD

reactors while producing a more uniform and repeatable discharge for performing
L
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Figure. 2.12: The different regions of a planar gliding discharge demonstrating how
it transitions from a thermal plasma to a non-thermal plasma. As the discharge
lengthens and cools, it transitions from an equilibrium to a non-equilibrium plasma.
The figure also shows the critical length L and the length at total extinction 3L. [51]
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Even though GDs are hybrid plasma devices combining attributes of TP and
NTP with better energy efficiency than other NTP generating devices and setups
with catalysts, they are not widely studied for ammonia synthesis applications [52].
Most of the studies explore NO, production, which could then be used to generate

ammonia.

A study where a simple PGD reactor was used to study the effect of different
factors on NO,, production using a pulsed power supply found that increasing the fre-
quency, pulse width, and amplitude resulted in a higher concentration of NO, in the
exhaust gases. It was also found that the addition of oxygen to the air feed gas resulted
in a further increase. However, the best energy efficiency reported was 4.8 MJ/mol,
which is almost an order of magnitude larger than thermal catalysis processes. The
researchers in the study suggest that improving the reactor geometry could possibly
result in an improvement in the efficiency. The researchers also recognized a major
issue with PGD reactors; the volume of gas between each two consecutive discharges
never has a plasma ignited through them. This drawback could potentially be reme-
died by a number of methods, including inducing vortices to ensure reactive species

spend a longer time inside the reactor, thus increasing their residence time [49].

The study also compared the average speed of discharge gliding or propagation
to the average gas flow speed and found that they are almost equal to within a
reasonable error, which is what is expected. However, it was seen that higher flow
rates or gliding speeds resulted in a decrease in the overall volume treated or volume
between discharge ignition and extinguishing. The faster flow rates force the discharge
to elongate faster along the center compared to the sides, reaching 3L faster than at

slower flow rates [49].
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A different study for NO, production using a PGD reactor found that higher
frequencies were ideal. A high frequency of around 14 kHz was used to drive the dis-
charge. This high frequency, like with other types of discharges, ensures the discharge
does not thermalize and ensures strong non-equilibrium conditions in the region be-
tween L and 3L. Thus, providing rapid quenching of products which is optimal for
NO, production. In this study, the effect of different electrode materials and flow rates
with air as the feed gas was studied, with the best energy efficiency of 2.8 MJ/mol
of NO, achieved at the highest flow rate of 6 L/min using molybdenum electrodes.
However, the concentration of NO, produced was less than half compared with slower
flow rates. However, these slower flow rates consumed more energy per mol of NO,
produced; around 3.8 MJ/mol. It should be noted that these values are competitive
compared with DBD, glow, and other NTP producing devices even without catalysts.
Thus, combining it with a catalyst and further work to address the shortcomings of

PGD reactors could yield huge improvements in both efficiency and conversion rate

[49).

Unlike with nitrogen fixation applications, PGD reactors and other configurations
of GD reactors have been widely studied for carbon conversion applications. One
such study used a TiO, catalyst adhered to a flat tray to oppose the flow of the gas,
hindering the gliding motion of the discharge and resulting in strong backflows and
vortices. It was found that introducing the catalyst in this manner resulted in a 133%
increase in the energy efficiency from 5.4 to 12.6%. The conversion of CO5 to CO also
saw an increase of around 138% from 4.6 to 10.8%. The researchers attribute some
of the increase to the flow disruption but mostly to the addition of the catalyst itself

and its activation via photocatalysis and other synergistic effects. These values were
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obtained for the lowest flow rate of 2 L/min and with the catalyst at a distance of 5
mm from the end of the electrodes. While this was the best reported gas conversion,
the reported efficiency increased with the flow rate and the distance of the catalyst
tray from the electrodes to a value of around 29% at a flow rate of 7 L/min and a
distance of 20 mm. This value is competitive when compared with the other NTP
generating devices discussed previously. For comparison, thermal dissociation of CO,
to CO at 2000 K has a modest conversion of about 1.5% with an efficiency of 4.4%.

Thus, making GD reactors attractive for carbon conversion [53].

Although there is a lot of potential in GDs for nitrogen fixation and carbon
conversion, they have some limitations and need to be further studied in order to get

them industry-ready.

2.2 Boron Nitride Nanotubes as a Catalyst Carrier

Transition metals (TMs) are commonly used as catalysts in chemical reactions as
they exhibit catalytic properties due to their ability to accept and give electrons
from their d-orbitals [54]. These catalysts simply increase the rate of the reaction
or selectivity towards a certain product without being used up in the process. In
the previous subsections, we saw how a variety of metals and alloys have been used
in conjunction with plasma sources for plasma catalysis, thus increasing the energy
efficiency, conversion rate, or both. However, TM catalysts have limitations since a
reaction can only be catalyzed on the surface where there is direct contact between
the catalyst surface and gases [55]. Therefore, the reactions are limited, not by the
amount of catalyst, but by the surface area or active sites where reactions can take

place. To achieve high surface areas, TMs are usually supported by materials with
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high porosity, such as Al,O3, TiOs, MnO,, or BEA-zeolites, to increase surface area
[55]. When using an Al,C3 (alumina) support for ammonia synthesis, the TM weight

percentage is usually in the range of 2 to 10%.

Other than a high porosity, the support material needs to be thermally and
chemically inert or stable [55]. Boron Nitride Nanotubes (BNNTs), discovered in
1995, offer a suitable candidate [55]. BNNTSs offer a catalyst support medium with
a high surface area for TM impregnation. Moreover, they are electrically insulating
and have a high thermal stability, making them ideal for use in extreme reactive
conditions. Although structurally analogous to carbon nanotubes (CNTs), BNNTs
have different physical properties that make them better suited for catalyst support
applications [55]. Most notably, they are thermally stable, allowing them to be used at
temperatures as high as 800°C [56]. They were also shown to be stable in NTPs [56].
Moreover, as opposed to CNTs which are reactive, BNNT's are said to be chemically
inert. Even though they are inert, in 2019, lannitto et al. [57] showed that NHj can
bind with the surface of BNNT in a high energy NTP. This unique property may

prove to have some synergistic effects on the catalysis reaction.

Despite the fact that we are aiming to study ammonia synthesis at atmospheric
temperature and pressure, we need to ensure any catalyst support is able to with-
stand high temperatures. This is because, as seen in a paper published in 2021 by
Burbach et al. [2], different TM catalysts perform better and achieve better activity
at temperatures between 300 and 500 °C. Thus, there is an advantage to heating the
catalyst to achieve catalytic activation. However, even though the catalyst needs to

be kept at these elevated temperatures, and since only a small amount of catalyst is
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used, the energy used to heat the catalyst does not compare to the energy needed to

heat up the bulk gases as required for the Haber-Bosch process.

To summarize, BNNTSs can prove extremely useful for the combined plasma catal-
ysis process being studied as they provide a large surface area for metal deposition
while being chemically and thermally stable. The heating required for the catalyst
and BNNT support could likely be achieved solely by the plasma heating itself. How-
ever, the feasibility of such a claim needs to be and will be delved into later in this

study.

It should be noted that in this study, the BNNTs were formed into sheets just
a few pm thick or “buckypaper” (BNNT-BP) to be used as a catalyst carrier [56].
The BNNT-BP sheets were obtained from the National Research Council (NRC) of
Canada with the exact method outlined in a paper by Kim et al. [58]. The BNNT-BP
were then treated, prepared, and coated by Steven Walker from the Catalytic and
Plasma Process Engineering (CPPE) lab at McGill University. The TMs themselves

were deposited on the BNNT-BP using pulsed laser ablation of metal targets.

2.3 Computational Fluid Dynamics (CFD) Basics

In cases where some flow or thermal data cannot be directly measured, simulations
could provide a good alternative. Computational Fluid Dynamics is a tool in fluid me-
chanics that uses a computer to numerically model, analyze, and simulate fluid flows,
obtaining its physical properties, such as velocity, density, pressure, and temperature.

The computer simultaneously solves a system of fundamental equations including the
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continuity, momentum, and energy equations to simulate the free-stream fluid flow

and its interactions with surfaces using user-defined boundary conditions.

The first of the three equations is the continuity equation [59]:

Dp

Di +p(V-U)=0 (2.2)

where p is the density of the fluid, ¢ is the time, o is the velocity, and V is the

gradient operator shown below [59].

(2.3)

If the fluid is assumed to be incompressible, the density is constant and consistent
everywhere. Thus, the term % goes to zero and Equation 2.2 simplifies to [59]:
ou Ov Ow
V-V =r—F—+—-—=0 2.4
or Oy 0z (24)
Next, we have the momentum equation which describes the relationship between
forces acting on a fluid and the resulting fluid motion. It is often referred to as the
Navier-Stokes equation which is shown below [59].
ov 9
p EJrv-Vv = —Vp+ uV-v+ pg (2.5)

where p is the pressure, ju is the viscosity coefficient, V2 is the Laplacian operator

(divergence of gradient), and ¢ is the acceleration due to gravity. If the fluid is again
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assumed to be incompressible and with a constant viscosity coefficient, Equation 2.5

simplifies to [59]:
Dv

Pv__ 2 2.6
Py = VP T HV U+ pg (2.6)

Finally, the energy equation or Newton’s first law of thermodynamics is solved if

information about temperature and heat transfer is desired. The equation is shown
below [59].
AU =Q-W (2.7)

where AU is the change in internal energy, @) is the heat added to the system, and
W is the work done by the system. This equation can be developed for fluid flows to

obtain Equation 2.8 below [59].
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where h is the enthalpy and k is the thermal conductivity. The rest of the terms are
defined below.

I: Local change in time

II: Convective term

IIT: Pressure work

1V :  Heat diffusion term

Vo Source term
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Now, to solve this system of equations, a software such as ANSYS Fluent or CFX
(ANSYS, Inc) is used to discretize the volumes and obtain the results. Figure 2.13

shows the flow chart of the CFD process.
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Mesh i
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i | Set Boundary |
Conditions i
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Figure. 2.13: The flowchart of a CFD process using ANSYS solvers. The process
starts from the CAD design to pre-processing, solver, and finally, post-processing.
The flowchart also shows the iterative nature of the process. (adapted from [60])

The process starts with designing a CAD model either using the built-in AN-
SYS function or using an external software such as SOLIDWORKS (SOLIDWORKS
Corp.) or Fusion 360 (Autodesk, Inc). The model is then imported into the mesh
generator which discretizes the domain into small cells or elements in order for the
solver to apply the mathematical model to each element in the next step. Finer
meshes with smaller elements usually result in better results and easier convergence
of results. However, there are many other limitations and factors when it comes to
producing the mesh. This is usually an iterative process where a mesh is generated
and then its quality is assessed using a metric called skewness. For reliable results,
the skewness, which ranges from 0 to 1, should be kept below 0.95. Thus, the mesh
parameters and types are varied iteratively until a good quality mesh is achieved. An
example of a mesh can be seen in Figure 2.14. To reduce the computation time and

due to a limitation on the number of elements, the fluid domains are prioritized with
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a finer mesh as opposed to solid domains. However, for conformity, element sizes of
solids in contact with the fluid domain have a much finer mesh than the rest of the

solid.

0.000 0.035 0.070(m})

oms 0.053

Figure. 2.14: A screen-grab of a CAD model imported into the ANSYS mesh gen-
erator. The body with the fine mesh is a fluid (nitrogen gas) while the body with
the coarse mesh is a solid (brass electrode). The difference in mesh size is due to the
complexity of the solution and its importance.

After the mesh is generated and evaluated, it is uploaded into the ANSY'S solver
(Fluent in this study) where the boundary conditions and domains are defined. Fi-
nally, the user sets the convergence tolerance and number of iterations and then runs
the solver. The results are then uploaded into CFD-Post to generate reports and

display the results as vectors, contours, and through other visual mediums.
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In the ANSYS Fluent solver, one important thing to set is the turbulence mode
of the flow. Fluent comes equipped with a range of modes, but the two most used
modes are k-epsilon and k-omega SST. These two modes work for a wide range of
applications with fully turbulent flows or transitional flows. However, for laminar
flows, the laminar mode is better suited and much simpler. To determine which of
these three modes to use, an estimation of the Reynolds number is required. For
Reynolds number less than 2000, the flow is considered laminar. Thus, the laminar
turbulence mode should be used. For values higher than 2000, other turbulence modes

might be more suitable. The Reynolds number can be calculated using Equation 2.9.

L
Re = "% (2.9)
L
where Re is the Reynolds number, p is the density, v is the velocity of flow, L is the

characteristic length, and p is the dynamic viscosity.

2.4 Infrared Thermal Imaging

In this study, there is a need to measure temperatures and capture 2D temperature
distribution. These measurements are used to validate the CFD model developed.
Although thermocouples could provide some information about temperature and are
great due to their wide operating range, ease of use, and low cost, they can only
provide temperature readings at a certain point and are not suitable for use in a
plasma environment. Moreover, there is a difficulty in achieving proper physical
contact between the thermocouple and solid surfaces whose temperature is to be

investigated. Thus, thermocouples would not be ideal in this case. Another way to



2.4 Infrared Thermal Imaging 45

measure the temperature that would circumvent the issues stated earlier is infrared

(IR) thermography or IR imaging.

IR imaging is a non-invasive method that uses IR radiation to generate an image
where the pixels represent temperature values, giving us the temperature distribution
or contour of the object imaged. Devices used to capture IR images are usually
referred to as IR cameras. These IR cameras measure the spectral IR radiation
emitted by a surface and relate that to the temperature using Planck’s radiation law

for blackbodies seen below in Equation 2.10.

2hc,? 1

h
n2)\5 en)\kC;Til

I\T) =

(2.10)

where I(\,T) is the spectral blackbody intensity, A is the wavelength, 7" is the tem-
perature in Kelvin, h is Planck’s constant, ¢, is the speed of light in vacuum, n is the

refractive index (n ~ 1 for most gases), and kg is the Boltzmann constant.

This equation is used for blackbodies, which are ideal bodies that are perfect
absorbers and emitters; absorbing all incident radiation onto them and emitting the
maximum radiation for a given temperature. However, real objects absorb and emit
fractions of the radiation. This fraction is the emissivity, which is a value between
0 and 1 and is specific to the surface and material. A value of 1 is a blackbody as
described previously, while a value of 0 is a perfect reflector (a perfect mirror). Objects
in the real world have emissivity values between 0 and 1, and IR cameras take that
into consideration to provide more accurate temperature readings. IR cameras usually

allow a user to input a known or measured emissivity value.
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Summary

The goal of this study and thesis is to help advance the efforts to electrify society
(mainly industrial processes) through zero-carbon or carbon-neutral fuel production.
Out of the different methods being examined, NTPs show great potential due to their
compatibility with renewable energy sources and an improvement to the theoretical
energy efficiency over traditional thermal catalysis processes. As seen in the litera-
ture presented, Gliding Discharge Plasma reactors combined with a physical catalyst
deposited on BNNT BP sheets might result in a much-needed breakthrough in this
field. However, there are gaps in the current research, especially when it comes to the
optimization and characterization of the reactor. Thus, a GD reactor was designed,
optimized, and tested. The design, setup, and results will presented and discussed

throughout the course of this thesis.
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Chapter 3

Reactor Design and Setup

3.1 Overview of Experimental Apparatus and Setup

This section provides an overview of the experimental setup, illustrated with a com-
bined schematic-P&ID diagram that details the different components in the system
used to run the reactor and acquire data. The subsequent subsections will delve

deeper into the reactor design and the design of the different systems.

Figure 3.1 shows all the components in the setup, comprising three different sys-
tems working together: the reactor, gas delivery system, and power delivery system.
The reactor itself is made of several components assembled to create a volume where
a set of electrodes through which electrical power is delivered to the gas flow, ioniz-
ing it to create plasma. The gas is fed into the reactor by the gas delivery system,
consisting of a gas tank (or more), a mass flow controller, and nylon tubing. The gas,
nitrogen or air in this study, is supplied from the tanks through a pressure regulator

into the mass flow controller, which varies the flow rate from 0 to 5 SLPM based
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on the user input. The gas is then fed into the reactor where power is applied to it
through the power delivery system. This second system consists of a signal generator,
a high-voltage amplifier, an oscilloscope, a high voltage probe, and a current measur-
ing transformer. In this system, an AC signal of frequencies between 5 and 12 kHz is
generated by the signal generator and supplied to the high-voltage amplifier to am-
plify the voltage by a factor of 2000, achieving the required high breakdown voltages.
The high-voltage amplifier then supplies the high voltage signal and sufficient power
to one of the two electrodes while the other is grounded. Finally, the oscilloscope is
used to capture, display, and record the voltage and current signal using a voltage
probe and current transformer. Occasionally, a high-speed camera or an IR camera is
pointed perpendicularly to the PGD reactor to obtain thermal profiles or high-speed

images for analysis.
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Figure. 3.1: Combined schematic and P&ID diagram for the experimental setup
detailing the different components in the system and the connections between them.
The thick arrows represent tube connections between components of the gas distri-
bution section. The thin lines represent electrical connections between the electrical
supply and measurement system.

3.2 Gliding Discharge Reactor Design

GD reactor designs in their most basic forms consist of a pair of diverging metal
electrodes with a gas delivery system or pipe injecting gas along the inner edge of
the electrodes. An example of such a system can be seen in Figure 3.2 below. This
system is not confined with reactor walls which can make it not ideal for gas conversion
reaction and diagnostics. Since there is no confined volume where the injected gas
and generated plasma can flow, the exact flow rate and gas composition inside the

reactor is difficult to ascertain. Moreover, the composition of the gases at the “outlet”
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would not provide accurate information about the conversion rate. Finally, the plasma
discharge might be subjected to a larger degree of quenching since it is exposed to

the environment. This might have detrimental effects on the energy efficiency.

Figure. 3.2: An unconfined Planar Gliding Discharge generating device with two
divergent electrodes and a gas inlet at the bottom. The figure shows the possible
unpredictable behavior of the gliding discharge reactors. [61]

To circumvent this, GD reactors for gas conversion applications usually are con-
tained inside a container. On of the simplest means to achieve containment is by
sandwiching the two planar electrodes between two plates. Those two plates should
be made of an electrical insulator, be able to withstand elevated temperatures, and
completely enclose the reactor volume between the two electrode edges except for
an inlet and outlet. Although there are a few ceramic options that would be great
for this application, for the sake of diagnostics and the need to visually observe the

discharge, a transparent option is best. Two square GE Type 124 Commercial Grade
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Fused Quartz plates are used as the reactor walls in this case. The quartz sheets
are produced by Technical Glass Products, Inc. with some important properties pre-
sented in Table 3.1 below. From the electrical resistivity and maximum temperature,
we can see that quartz is indeed a good choice. The remaining properties will be

more relevant in later chapters of this thesis.

Table 3.1: Properties of the quartz used to confine the reactor volume and act as
its walls. [62]

Property Value

Size 15.2 cm x 15.2 cm x 0.635 cm
Density 2200 kg m—3

Thermal Conductivity 1L4Wm™'°C!

Maximum Temperature (Strain Point) | 1120°C

Electrical Resistivity 7x10°Qm™!

To ensure the reactor is well confined, gaskets are inserted between the metal
electrodes and the two quartz plates to ensure an airtight seal. The gaskets could
also be used with any other solid-solid interfaces. A great option for the gaskets
are PTFE or “Teflon” sheets. These sheets can withstand high temperatures, are
chemically stable, and are compressible. The ability to withstand high temperature
and reactive environment is ideal for use in plasma reactors and its compressibility
makes is perfect for use as a gasket. For this study, a 30.5 cm x 30.5 cm PTFE gasket

sheet 0.159 c¢m in thickness was acquired from McMaster-Carr.

To put the entire assembly together, a pair of Low-Profile C-Clamps were used on
either side of the reactor. The clamps ensure the quartz plates and metal electrodes
are locked in place by providing compressive forces on the top and bottom quartz
plates. This stress forces the PTFE gasket to compress forcing it into any imperfec-

tions on the electrode surface and evacuates any air in the solid interfaces. Thus, the
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clamps help ensure an airtight seal as well as keep everything together. The clamps,
seen in Figure 3.3, are made of aluminum while the screw is made of steel. The clamp

was obtained from McMaster-Carr and has a maximum reach of 3.81 cm.

Figure. 3.3: Low-Profile C-Clamp with a reach of 3.81 ¢m used to put the reactor
assembly together and ensure an airtight seal. [63]

3.2.1 Electrode Design

The main design parameters for the reactors to be determined are the dimensions, the
electrode spacing and the shape of the gliding edge. The dimensions of the quartz
plates can help us design the electrodes and obtain their dimensions. For ease of
assembly, the electrodes should be designed to be flush with the four edges of the
quartz plates. This would allow us to simply align the edges and ensure that all the

other spacings and measurements automatically conform.

As for the electrode spacing or the shortest gap between the electrodes, this can
be determined with the help of Paschen’s Equation (2.1). In this study, 0.318 cm

thick brass sheets are machined to produce the electrodes. In Equation 2.1, Brass’s
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secondary emission coefficient () was set to 0.01 [2], V, was subtracted from both

sides, and the equation was rewritten as seen below in Equation 3.1.

Bpd

Apd
n(isiz)

~ V=0 (3.1)

The values of constants A and B are shown Table 3.2 below for the gases likely
to be used in this study. As for V, or the voltage, it will likely be a variable in this
experiment. Thus, for the equation above was solved using a MATLAB script to get
appropriate electrode spacings for the different gases at a range of applied voltages.

The results can be seen in Figure 3.4 below.

Table 3.2: Gas breakdown constant A and B to use in Paschen’s equation to deter-
mine maximum electrode spacing for gas breakdown at a range of applied voltages.
Constants provided for hydrogen, nitrogen, oxygen and carbon dioxide gases. [64]

Gas | A (em™YTorr™) | B (V/em.Torr)
Hy 4.8 136
No 11.8 342
O, 6.5 190
CO, 20.0 466
Ar 12.0 180
Air 15.0 365
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Figure. 3.4: Graph showing the maximum electrode spacings for different gases
over a range of applied voltages at atmospheric pressure. The figure includes plots
for nitrogen, hydrogen, oxygen, and carbon dioxide.

We can see that for gaps beyond 3 mm, the required breakdown voltages for CO,
and Ny is very high; around 16 kV and 12 kV, respectively. Therefore, we need to
ensure that the design of the electrodes has a much smaller gap. A gap of around 2

or 1.5 mm should allow for breakdown at relatively lower voltages for all the gases.

The last step in the electrode design is to determine the shape of the inner
electrode edge the discharge glides on. For that, a simple straight divergent electrode
edge was chosen. This brings us to the first electrode design shown in Figure 3.5 with

the complete reactor CAD design seen in Figure 3.6.
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Figure. 3.5: Electrode Design 1 with a straight divergent gliding edge. (a) Top View

of the PGD reactor CAD design with the appropriate dimensions in inches. (b) Cross
Section of the PGD reactor design showing the different layers and how the electrodes
are sandwiched between the quartz plates with PTFE gaskets at the solid interfaces.

Appropriate dimensions are given.
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Figure. 3.6: Rendered Electrode Design 1 CAD image showing how the electrodes
are sandwiched between two quartz plates.

In the figure above, you can see how each of the electrodes have three edges that
align with 3 edges on both the top and bottom quartz plates. Again, this ensures the
electrodes fit and their spacing (1.5 mm) are as designed. However, two protrusions
on the side of each electrode can be seen. These allow easy electrical connection both

to the power source and the ground using nuts and bolts.

Another feature of the design is the 45 degree chamfer applied to the gliding edge
which allow us to restrict the gliding of the discharge to the very edge of the electrode.
Thus making it more consistent and uniform. The final feature of the design is the
rapid increase in the gap between the electrodes before the end of the quartz plates

or the reactor volume. This ensures the discharge is confined in the plasma volume.

When this first electrode design was tested using a 2.5 SLPM flow of 99.999%
pure nitrogen gas, the discharge was only able to glide about a quarter of the distance.
This was determined using long exposure camera images. Due to the divergent nature

of the electrode, the volume of treated gas does not increase linearly as the discharge
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glides further. Figure 3.7 shows the volume of gas ignited or treated along the axial

distance of the reactor.
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Figure. 3.7: Design 1 ignited or plasma treated volume as the discharge glides further
along the reactor. The plot shows how the volume of treated gas does not increase
linearly with the glided distance.

The ignited volume is shown to increase in an increasing manner with the gliding
distance. Thus, ensuring the discharge glides further, would maximize the treated
volume and would likely have positive effects on the conversion rate. Therefore, a
less divergent electrode design was created. Design 2 is identical to Design 1 in every
aspect except that it has a less divergent angle of 24° rather than 36°. Figure 3.8

shows the ignited volume scatter plot for Design 2.
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Figure. 3.8: Less divergent electrode Design 2 ignited or plasma treated volume as
the discharge glides further along the reactor. The total volume at the same glided
distance is reduced in Design 2. The less divergent nature allows the discharge to
glide further.

The discharge in Design 1 glided around 1.5 inches corresponding to an ignited
volume of around 3 in®. On the other hand, the discharge in Design 2 glided around
2.5 inches at the same operating conditions corresponding to an ignited volume of
around 6 in®. This results in a percentage increase in treated volume of around
100%. However, this still only represents less than half the maximum possible ignited
volume. Therefore, a third design was adopted. Simply decreasing the diverging
angle would result in the discharge gliding further. However, this comes at the cost
of the total reactor volume. Moreover, this would increase both the TP and NTP
regions of the GD. A different electrode design might be able to achieve larger ignited

volumes focusing more on maximizing the NTP regions as it is more desirable for gas

conversion applications.
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Design 3, seen in Figure 3.9, resulted from an analysis of a long exposure image
of the gliding discharge in Design 2 to determine the point where the discharge ter-
minates or where it reaches length 3L. If the electrode edge is straightened out before
that point, the discharge could be forced to glide further without dissipating. This is

likely to increase the volume of the reactor between L and 3L, or the NTP region.

Figure. 3.9: Design 3 with a straightened out edged to allow the discharge to glide
further increasing the ignited volume and N'TP region. This is achieved by delaying
the point at which the discharge reaches a length of 3L.

The figure below shows the approximate point where the discharge reaches a

length L, the point where Design 2 reaches 3L, and where Design 3 reaches 3L.
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Figure. 3.10: The locations of L. and 3L for both Design 2 and 3 for comparison.
The point where the discharge reaches is moved further down from the ignition point
in Design 3 as opposed to Design 2.

In Design 3, we theoretically increased the NTP region between L and 3L. How-
ever, this comes at the cost of the frequency of discharge re-strike, thus increasing
the volume of untreated gas between each two consecutive glides. For Design 2, each
glide takes on average 110.94 ms 4 1.53% as opposed to 194.79 ms + 1.50%. This cor-
responds to re-strike frequencies of 9.01 Hz £ 1.53% and 5.13 Hz+1.50%, respectively.
Thus, the re-strike frequency of Design 3 is 43.03% =+ 1.96% less than that of Design
2.

The effect of both parameter, NTP volume & re-strike frequency, is likely too
complicated to ascertain without running experiments with reactive gases and mea-

suring conversion rates and energy efficiencies whilst varying the operating conditions.
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However, this brings us to the final electrode design. A picture of the actual machined

pair of electrodes can be seen in Figure 3.11.

Figure. 3.11: Design 3. Brass machined electrodes assembled (left) and disassembled
(right). The PTFE gasket can be seen covering the electrodes on the left apart from
the gliding edge.

To better see the difference between each of the 3 different electrode designs, a

CAD assembly of all three designs on top of each other can be seen in Figure 3.12.
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Design 3

Design 2

Design 1

Figure. 3.12: Designs 1, 2, and 3 CAD forms overlaid for easy comparison. This
shows the difference in the angle of the electrodes as well as the straight edge of
Design 3.

3.3 Gas Delivery System

The first supporting system for the PGD reactor is the gas delivery system, which
consists of a mass flow controller (Brooks Instruments, 5850s), shown in Figure 3.13,
supplying pure Ny (ALPHAGAZ 1, 99.999%) from a tank into the reactor through a
gas injector. The gas is transported between the tank, MFC, and gas injector using
0.432 ID x 0.635 OD x 0.102 cm wall nylon 11 tubing. After it is injected into the
reactor and ignited, it then exits through the open outlet and flows into the exhaust
or lab snorkel. It should be noted that the outlet is kept open as the experiments are

run at atmospheric pressure.
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Figure. 3.13: The MFC and it’s electronic unit used to set the flow rate and display
actual measured flow rate. (a) Brooks Instruments 5850s MFC. (b) MFC electronic
control and display unit. [65]

The MFC rate is calibrated with nitrogen gas supplied at 60 psi. Therefore, if the
low pressure gauge on the tank’s gas regulator is set at 60 psig, there MFC controller
should provide accurate flow rates between 0 — 5 SLPM =+ 0.5%. However, we do not
expect the flow to be stable throughout the flow rate range. Thus, the actual tested

flow rate range is likely more limited than what is possible using the MFC.

3.3.1 Gas Injector Design

The gas injector should interface with the nylon tubing and allow the injection of
the gas in a relatively uniform manner in the region behind the electrode shortest
gap. The injector should be an electrical insulator to prevent a short circuit across
the electrodes. It should also be easily machinable and able to withstand elevated

temperatures. These criteria eliminate a lot of options; metals for their excellent
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electrical conductivity and plastics for their poor high temperature performance. A
more viable option would be ceramics which meet all the criteria. After checking the
McMaster-Carr website, a High-Temperature Easy-to-Machine Glass-Mica Ceramic
Bar was acquired. The stock piece is 1.91 x 1.91 x 7.62 cm in size. The ceramic
bar was then machined with a 0.797 ¢cm diameter hole 4.19 cm down the center. The
first 1.27 cm section of the hole is threaded to fit a Universal Thread for Air and
Water male tube fitting for tube OD 0.635 cm. On one of the large faces of the piece,
7 equally spaced 0.127 c¢m holes are drilled perpendicularly to intersect the larger
central hole. These holes allow the transported gas to be injected uniformly into the

reactor. The CAD form of the gas injector can be seen in Figure 3.14.

Figure. 3.14: Gas injector machined out of a 1.91 x 1.91 x 7.62 cm) glass-mica
ceramic bar. The injector is an electrical insulator, capable of withstanding high
temperatures, and inject gas uniformly. On the left is the CAD form while a section
view is shown on the right. With the design cut down the middle, interior features
can be observed.

To attach the gas injector to the rest of the assembly, a horizontal force needs to
be applied to secure it in place. This could be achieved by using a three-way clamp,

as depicted in Figure 3.15. The two opposite bolts are used to secure the clamp to the



3.3 Gas Delivery System 65

top and bottom quartz surfaces, while the third perpendicular bolt is used to push
the gas injector into the back of the reactor. The holes on the injector are aligned

with the inlet of the reactor, and gas gaskets are used to ensure an airtight seal.

Figure. 3.15: Three-way C-clamp used to secure the gas injector to the rest of
the reactor assembly. The two opposing heads on the clamp rest on the top and
bottom quartz surface with pressure to secure the clamp. The remaining head pushed
sideways on the gas injector to push it flush onto the reactor at the inlet. [66]

The gas injector makes up the last component of the PGD reactor. However, it
might still not be clear how all the components go together. Figure 3.16 shows the
assembled PGD reactor with electrode Design 2 (for illustrative purposes only). The
image is labeled showing the electrodes, PTFE gasket, quartz glass sheets, clamps,

and gas injector.
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Brass Electrode 3 Way C-Clamp

Fused Quartz Mica Gas
Glass Sheet Injector
PTFE Gasket C-Clamp

Figure. 3.16: Labeled image of the PGD reactor assembly with electrode Design 2.
The figure shows the electrodes, PTFE gaskets, quartz glass sheets, clamps, and gas
injector all secured together using four clamps.

3.4 Electrical Supply and Measurements

An AC current was used to power the PGD reactor in this project. The AC signal is
supplied by signal generator (SIGLENT, SDG 1032X), shown in Figure 3.17, with a
max output frequency of 30 MHz. However, we are unlikely to operate at such high
frequencies which veer into the RF discharge regime. The actual operating frequency
range would be determined based on the stability of the discharge at each tested flow
rate. From the initial trial tests, the frequencies resulting in stable discharges are in

the range of 4 — 12 kHz.
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Figure. 3.17: SIGLET signal generator. used to generate the AC signal to be am-
plified and used to drive the PGD reactor. The signal generator allows the amplitude
and frequency of a sinusoidal signal to be set by a user. [67]

The signal generator used can only supply a signal with a voltage amplitude of +
10 V and a maximum power output of 2 W [68]. As seen in Figure 3.4 for nitrogen at
the design minimum electrode gap of 1.45 mm, a voltage of at least 5.5 kV is required
for discharge ignition. Thus, a voltage amplifier (Trek, 20/20C), shown in figure 3.18,
is used to amplify the voltage amplitude of the AC signal with a fixed gain of 2000
V/V and a maximum power of 400 W. The output of the signal generator is connected
to the input port on the amplifier. The amplified signal from the high voltage output
port is connected to one of the two electrodes on the reactor using a well insulated
wire. The other electrode is connected to the lab ground connection using alligator

clips. The amplifier itself is also grounded.
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Figure. 3.18: Trek high-voltage amplifier labeled image showing the input port,
high-voltage outlet, power cord, main connection, power switch, and high-voltage
lock off. This device amplifies the AC signal generated by x2000. [69]

Finally, the current through and voltage across the reactor electrodes were mea-
sured and recorded for later analysis in Chapter 4. To record the electrical data,
an oscilloscope (Tektronix, MSO2012) was used. The oscilloscope is connected to a
high-voltage probe (Tektronix, P6015A) and a wide-band (1 Hz — 20 Mhz) current
transformer (Pearson Electronics, Inc., Model 411). All the listed components can be
seen in Figure 3.19. The high voltage probe measures the voltage applied to the elec-
trode with a ground reference and a 1000X attenuation. The high voltage probe has
a high bandwidth of around 75 MHz. Combined with the oscilloscope’s bandwidth
up to 100 MHz and the current transformer’s wide-bandwidth, enables us to measure
fast high voltage and current signals with sample rates up to 1 GS/s. The accuracy or
uncertainties associated with the voltage measurements are presented below in Table

3.3.
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Figure. 3.19: The components needed to measure and record the high-voltage and
current through the PGD reactor. (a) Tektronix oscilloscope MSO 2012 to read,
display, and record the data [70]. (b) High-voltage probe Tektronix P6015A to meaure
the voltage [71]. (c¢) Current transformer Pearson Electronics model 411 to measure
the current [72].

This concludes the main sub-systems and reactor design sections. A complete
visualization of the entire setup can be seen in Figure 3.20. The figure is labeled to

show the reactor assembly as well as all the apparatus in both supporting systems.
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Table 3.3: The uncertainties associated with the voltage measurements taken using
the oscilloscope and high voltage probe. Note: Terms in “div” are to be converted
into volts by multiplying by the corresponding “volts/div” term.

Uncertainty Value

DC Balance + (1 mV + 0.1 div)

DC Gain Accuracy | + 3%

Offset Accuracy + (0.01 x (offset — position) + DC Balance)

Oscilloscope
Mass Flow
Controller
Signal Generator
Acrylic Shield
with frame
Nitrogen Gas
Cylinder
Gliding Arc
High Voltage Plasma Reactor
Amplifier

Figure. 3.20: The complete labeled experimental setup showing the PGD reactor,
electrical system apparatus, and gas delivery system apparatus.

3.5 Temperature Distribution Measurements

For our purposes, there are two different IR cameras that can be used to measure
the 2D temperature distribution of the reactor’s top quartz surface as explained in
2.4. Table 3.4 shows the different specification for both the cameras. These different
specifications will help narrow down the camera selection to determine the ideal one

for our purposes.
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Table 3.4: The technical specifications for the two available IR cameras are provided.
The table presents the temperature range, spectral range, and IR resolution of the
FLIR A500 and A6260 cameras.

FLIR A500 [73] FLIR A6260 [74]

Temperature Range | -20°C to 2000°C  400°C to 1200°C

Spectral Range 7500 — 14000 nm 900 — 1700 nm or 600 — 1700 nm
IR Resolution 464 x 348 640 x 512

It is difficult at this stage to have an idea of the surface temperatures expected.
Thus, it is difficult to narrow the selection based on the temperature. However,
we do not expect the bulk gas temperature or the temperature of the reactor to be
excessively hot, making the FLIR A500 a more sensible choice. Moreover, and since we
need to measure the outside temperature of the quartz surface, we need to examine
the transmittance curve, shown in Figure 3.21, of the used material (Commercial
Grade Fused Quartz Ingot) and compare it with the spectral ranges of both camera.
This is to ensure that the quartz plate appears opaque to the cameras to enable us

to measure its surface temperature distribution.
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Figure. 3.21: The transmittance graph for different types of quartz sheets from
Technical Glass Products. The quartz sheets used in this study are GE Type 124
Commercial Grade Fused Quartz Ingots shown in green. This type of quartz has a

transmittance of around 93% between 280 and 2000 nm. [75]

The transmittance curve of the quartz sheets used in this study is shown in green

on the graph. As can be seen, this quartz (GE Type 124) has the highest consistent

transmittance between 280 and 2000 nm. This means that about 93% of radiation in

this range will pass through while radiation outside this range will not, which is what

we need. Looking back at the spectral range for each of the two cameras available,

we can see that only the FLIR A500 operates outside the transmittance range of the

quartz GE Type 124 plate. Therefore, it is the one most suitable for our purposes.

Figure 3.22 shows pictures of both cameras with the FLIR A500 on the left side.
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(a) (b)

Figure. 3.22: The two IR cameras available for use in the Catalytic and Plasma
Process Engineering Lab. (a) FLIR A500 for measuring temperatures between -
20 and 2000°C [73]. (b) FLIR A6260 for measuring temperatures between 400 and
1200°C [74].
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Chapter 4

Preliminary Characterisation of

the PGD Reactor

A gap in the characterization of PGD reactors was previously identified. This gap
is manly due to the simplicity of the PGD reactors and their potential use in gas
conversion which invites researchers to jump directly into experimental work with
minimal understanding of the reactor’s working mechanism. In this chapter, we take a
step back by running experiments for the purposes of characterizing the designed PDG
reactor. The experimental procedure will be provided followed by an examination of
the data collected. The preliminary characterization involves the examination of the
general behavior of the gliding discharge using the voltage and current signals and

the examination of localized behavior along the plasma treatment region.
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4.1 Experimental Procedure and Conditions

This section outlines the assembly steps and experimental procedure including any
steps needed to ensure the experimenter and any other personnel in the lab are
safe. The high voltages and high temperature natures assosiated with the use of this
reactor as well as the UV radiation emitted by the plasma are all potential hazards,

and proper measures to mitigate their risks are essential.
Step 1: Assembly of PGD Reactor

First, the appropriate PPE including safety goggles, lab coat, long pants, closed-
toed insulating shoes are worn. Next, four gaskets are cut out of a 0.159 cm thick
PTFE (Teflon) gasket sheet. The gaskets need to cover the entire top and bottom
surfaces of both electrodes excluding the cut “knife” edge of the electrodes. This
can be done by printing drawings of the electrode CAD designs to scale and tracing
the drawing onto the PTFE sheet. The electrodes are then sandwiched between the
gaskets and subsequently placed onto one of the quartz plates with the cut edges
facing each other. The external perimeter of the electrodes needs to be aligned with
the outside edges of the quarts plates (refer to Figure 3.16). This ensures the shortest
distance between the electrodes is 1.5 mm. Two c-clamps (Figure 3.3) are used
on either side to ensure the assembly is secure and airtight. Finally, two three-way
c-clamps are used to secure the gas injector to the inlet side of the reactor (refer to

Figure 3.16).
Step 2: Electrical System Set Up

Once the reactor is assembled, the electrical and gas systems can be set up. First,

the signal generator output is connected to the high-voltage amplifier input. Both
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apparatus and everything should be off at this point and during the entire set up
process. Next, the current transformer is connected to Channel 1 on the oscilloscope
and the high-voltage probe is connected to Channel 2. Again, the oscilloscope should
be off during this process. Next, a proper high voltage cable is connected to the
output port of the high voltage amplifier and fed through the current transformer.
The cable is then attached to one of the electrodes at the intended extrusion on the
side of the electrode using a bolt, a pair of washers, and two nuts. Care is taken to
ensure the cable does not lay on top of the metal workbench using insulating spacers
(e.g., plastic or cardboard). The high voltage probe is connected to the same extrusion
using an alligator clip cable. The other electrode is grounded using a second alligator
clip cable. For safety, the metal clamps are also grounded using alligator clip cables.

The grounding of the metal workbench is also inspected regularly.
Step 3: Gas Delivery System Set Up

For the gas system set up, the appropriate gas tank is inspected to ensure it is in
working condition and has a pressure of at least 250 psi. Nylon tubing is then used
to connect the tank to the mass flow controller which is in turn connected to the gas
injector using the appropriate tube fittings. The gas tank’s main valve must remain
shut off up to this point. Finally, the main valve is turned on leaving the outlet valve
to the flow controller closed. The working pressure can the be adjusted to required

pressure by the flow controller or 60 psi.
Step 4: System Initialization and Operation

Upon completing the set up process, some steps are required to initialize the

system prior to running the experiment. First, the lab snorkel or exhaust is positioned
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close to the outlet of the reactor to capture the outlet gases. This is necessary as
some ozone might be formed and it is considered to be a pollutant at ground level and
can be harmful. Next, all the apparatus, valves, and recording devices are inspected
to ensure everything is off. At this point, the gas delivery valve on the gas tank
regulator can be gently turned on. The mass flow controller is then switched on and
set to the desired flow rate (e.g, 60% = 3 SLPM). Next, the signal generator and
oscilloscope are switched on. The signal generator is set to the required frequency
using the appropriate dial leaving the peak-to-peak voltage at 1 V and the output
off. The oscilloscope is set to display both the current and voltage data on the screen

factoring the appropriate scaling factors presented in the previous chapter.

At this point, the high voltage amplifier is switched on, the output button on the
signal generator is pushed, and the high-voltage lock off button is pushed. The peak-
to-peak voltage can then be turned up using the appropriate dial until breakdown
or the desired voltage is achieved. The set up is inspected for any sparks or faulty
connections. The flow rate, frequency, and voltage settings are adjusted as needed.
The experiment is observed from behind an acrylic shield to protect from UV radiation

as seen in Figure 3.20.
Step 5: Data Collection

The current and voltage waveforms from the oscilloscope are recorded on a flash
drive for analysis. The recorded data is saved as an Excel file onto the flash drive.
The file consists of the oscilloscope settings as well as the electrical data of around
3 or 4 different glides of the discharge depending on the re-strike frequency (and gas

flow rate).
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The FLIR camera presented previously is utilized during the course of the ex-
periment to track the peak temperature of the top quartz plate surface of the reactor
to determine when the reactor reaches steady-state. Once the temperature plot over
time flattens, snapshots of the top quartz plate surface are saved as radiometric
JPEG images with temperature values for each pixel. The maximum temperature,

mean temperature, and any other required data is saved for each run.
Step 6: Shutdown Procedure

After the experiment is concluded, the following steps are performed in the order

in which they are listed to shutdown the system.

1. The amplifier is turned off by pushing the lock off button and then switching

the power off.

2. The output from the signal generator is turned off, the voltage is brought down

to the minimum, and then signal generator is switched off.
3. The oscilloscope is switched off.

4. The gas cylinder main valve is turned off while leaving the mass flow controller
running to drain the line. Once the flow rate reduces to 0%, the mass flow
controller is switched off, the pressure delivery valve is gently turned off, and

finally the main valve is turned off.

5. The once live electrode and other metal parts of the reactor assembly are

grounded using an alligator clip cable.
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In case of emergency: The same steps as above are followed but ensur-
ing the high-voltage lock off button (refer to Figure 3.18 on the amplifier)

is pushed first and foremost.

4.2 Electrical Data Characterization

4.2.1 General Observations

In initial trials of the PGD reactor, it was seen that the discharge is stable over a
certain range of gas flow rates and electrical signal frequencies. The lowest stable
flow rate was found to be around 2.5 SLPM or the 50% flow rate setting on the mass
flow rate controller utilized in this study. Furthermore, through trial and error, it
was observed that as the flow rate increases, the signal frequencies range where the
discharge is stable expands. For example, at the lowest stable flow rate of 2.5 SLPM,
the discharge is only stable at frequencies between 5 kHz and 11 kHz. On the other
hand, for a flow rate of 5 SLPM, the discharge is stable up to a frequency of 20 kHz.
For the sake of this experiment, within the scope of this thesis, we only need to get a
general understanding of the workings of the PGD reactor. Due to the small difference
between the maximum and minimum possible frequencies, the characteristic of the
discharge are not expected to change. There could possibly be changes to conversion
rates or efficiencies but it is outside the scope of this thesis. Thus, for the results
presented, the frequency was kept constant at 5 kHz while the flow rate was varied
from the lowest to the highest stable values (2.5 and 5 SLPM). The frequency was
varied only to allow us to study the flow characteristics in the reactor. This data is

presented and discussed in the next chapter.
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As the discharge glides along the electrodes, the voltage it draws from the power
source increases with the gap between the electrode edges. While we can use Figure
3.4 and the design minimum gap length to calculate a theoretical plasma ignition
voltage around 5 kV, we can not obtain a theoretical maximum voltage. Thus, to set
the voltage on the signal generator, the data from test runs were analyzed. It was
seen that the voltage required by the discharge never surpassed 8 kV peak to peak.
This corresponds to 4 V peak to peak signal from the signal generator. The signal
generator was, therefore, set at 4.5 V peak to peak which is then amplified by the
high-voltage amplifier to 9 kV peak to peak. The table below summarises the variable

or settings for each of the main runs conducted for the purposes of this chapter.

Table 4.1: Variables and setting for the first four runs of the PGD reactor running
nitrogen gas for the initial characterization.

Run Number | Gas Voltage [kV] Frequency [kHz| Flow Rate [SLPM]
1 No 9 5 2.5
2 No 9 5 3.5
3 No 9 5 4.5
4 No 9 5 5.0

The settings and observations above are for nitrogen gas which was the main
gas used for the characterization. However, compressed dry air and argon were also
tested and analyzed. Some of these results are presented in this thesis. Any data,

figures, or images of the aforementioned gases will be clearly labeled for clearness.

Nitrogen gas was fed into the reactor at a rate of 2.5 SLPM and a 5 kHz signal
was applied to one of the electrodes. This resulted in a purplish pink discharge being
formed at the shortest distance. The discharge then glided in a stable manner along

the edge of the electrodes until the termination point starting the cycle all over again.
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Figure 4.1 below is a sequence of images showing the stages of the discharge during

one glide.

Figure. 4.1: Sequence of images displaying the stages of the discharge from ignition
to termination over one glide. Nitrogen gas at 2.5 SLPM was used in this run and
a voltage of 9 kV (peak to peak) at a frequency of 5 kHz was applied across the
electrodes.

The discharge produced is highly stable and consistent from one glide to the
next, this behavior is highly important for characterization. The stability of the glide
was observed both visually be the experimenter and using the electrical data, mainly
the voltage, recorded or continuously displayed on the oscilloscope during the course
of the experiment. An example of the voltage data recorded can be seen below in
Figure 4.2. This raw data was read and plotted using a MATLAB script. The figure
shows three distinct triangular or trapezoidal shapes each of which represents one
glide of the discharge. These shapes are very consistent signalling the stability of
the discharge. Another observation was the symmetrical nature of the discharge.
Unlike with a DC power supply, where cathode spots form and anchor the discharge,
hindering its movement, this AC driven PGD reactor does not experience cathode

spots. This leads to uniform erosion of the electrode edges.



4.2 Electrical Data Characterization 83

Raw Voltage

Time (s)

Figure. 4.2: Recorded raw voltage as a function of time for the first run using
electrode Design 3 with nitrogen gas at 2.5 SLPM. The plot shows the repetitive
nature of the discharge with three similar triangular voltage profiles corresponding to
one glide each.

It should be noted that, again, an AC signal at 5 kHz was used for this run. This
fact is not clearly seen when looking at the signal for such a large time scale from -0.2
to 0.2s. This is because each AC cycle only takes about 0.0002s. Thus, it is necessary
to reduce the range on the x-axis to view the AC signal behavior. Later on in this

section, it will be necessary to do just that.

4.2.2 Recorded Electrical Data

It was explained previously that the voltage requirement of the discharge grows lin-
early with the distance between the electrode edges or the inner electrode spacing.
A more accurate statement is that it grows with the length of the discharge which
in turn grows with inner electrode spacing. However, the electrode length is usu-

ally larger than the inner electrode spacing due to the discharge’s freedom to arc or
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bulge in any of the three dimensional axes. This behavior of the discharge is better

displayed in Figure 4.3.

Figure. 4.3: PDG reactor with electrode Design 3 running dry air at 3 SLPM with
an applied voltage of 9 kV (peak to peak) at a frequency of 7 kHz. The discharge can
be seen glowing a bright blue/purple having glided to the end of the electrode edge
as per design bulging as it does so due to drag forces (discussed further in Chapter

5)

Comparing Figures 4.1 and 4.3, one can notice how the air plasma discharge is
able to glide all the way to the end, unlike the nitrogen discharge. Looking back
at Figure 3.4, specifically at the plot for nitrogen and oxygen, it can be seen that
at the same voltage, oxygen gas can undergo breakdown at a higher spacing; it is
easier to ionize. This may explain the observed phenomenon where the air plasma is
able to lengthen more before termination. This is because air is essentially nitrogen
diluted with some oxygen at a ratio of around 4:1, respectively. However, the observed
phenomena might also be explained by the higher rate of cooling experienced by the

discharge with Ny. This higher degree of cooling can force the discharge to reach the
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point where the heat dissipated equals the power supplied to the plasma (Qout =Pi)
at a shorter length. This might be due to the fact that N, radiates more than air.
A sample of the voltage over time data obtained for the PGD reactor running air at

can be seen in Figure 4.4 below.

Raw Voltage

Vottage (V)

o
Time (s)

Figure. 4.4: Recorded raw voltage as a function of time for the first run with dry
air using electrode Design 3 at 3 SLPM with an applied voltage of 9 kV (peak to
peak) at a frequency of 7 kHz. The voltage profile of each of the glides again suggests
consistency. The profiles also seem to follow the shape of the electrode gliding edges.

From the figure above, one can see three consecutive glides. The shape of the
voltage signal in this case looks different as the discharge was able to glide all the way
to the end of the electrode edge. The relatively linear voltage rise observed with the
voltage signal with Ns is followed by a relatively flat voltage section with air. Infact,
the shape of this voltage signal follows the shape of the entire inter-electrode gap.
This is better illustrated with Figure 4.5 shown below. Using this figure, one could
study the waveform at different points in time and use it to draw conclusions on the

discharge behavior at the approximate corresponding locations on this figure and,
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ultimately, on the actual electrode edges. The figure also suggests that the electric

field is quite constant between the electrodes.

Figure. 4.5: Overlapping the voltage signal corresponding to one glide of the air
plasma discharge over a CAD drawing of the top view of the PGD reactor’s electrodes.
This allows for observations to be made and related to positions or approximate
locations on the electrode edges.

At this point, we can look closely at different slices of the waveform by adjusting
the x-axis range. A few cycles of the voltage and current signals of one glides near the
ignition point is presented in 4.6 (a). Although the signals are quite noisy, it can be
seen that when examining the voltage plot in blue, a general repeating behavior can be
seen; a spike followed by a drop and then a smaller spike. This behavior is consistent
with that of AC driven arcs whose behavior can be seen in Figure 4.7. This behavior
is again seen in sub-figures (b) and (c¢) with the two peaks moving closer together as
we move further along the electrodes (i.e., more time elapsing). This behavior seems

to change in the last two sub-figures with the voltage plots looking more like simple
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sinusoidal signals. This behavior is more consistent with that of an AC driven glow
discharge. In fact, this behavior remains consistent in all other slices taken within
the range of data corresponding to the straight edged of the electrodes. Thus, we
can show how the straight edge of the electrodes which keeps the discharge at the
maximum possible length for an extended period of time could potentially increase

the time the discharge remains in the “cold” plasma region or the NTP region.
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Figure. 4.6: A view of a few AC cycles of the voltage and current plots as a function
of time for a sample run with dry air. The right side of each of the figures shows the
location of the viewed cycles on the full range of the recorded data. The different
sub-figures shown are taken sequentially from the ignition to the termination of the
discharge with (a) being at or near ignition, and (e) being at or near termination.
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Figure. 4.7: A typical voltage over time plot for an AC arc showing how the voltage
peaks at the beginning of each half cycle followed by a dip and a second smaller peak
before the next half cycle. [76]

All the data processing and figures of the recorded data presented thus far have
been done using a computer script written with MATLAB. This same code was also
used to analyse the data from the four runs with nitrogen. Only a sample will be

shown below.

Again, looking at the slices taken along the voltage and current waveforms for
one complete glide, the same trend where the discharge starts out behaving as an arc
and gradually changes to a glow discharge was observed. This behavior aligns with
the literature and follows the transition presented in Figure 2.12. Figure 4.8 below
shows the sequential slices taken as well as a few AC cycles of the voltage and current
signals at the respective locations. Examining the last sub-figure taken closest to

the termination point, we can see that the discharge terminates just as the voltage
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signal starts behaving as a sinusoidal signal. Thus, we can say that it terminates as
it transitions to the glow discharge N'TP state, which is more ideal for gas conversion
as was discussed in the literature review. This is unlike the air discharge which
takes full advantage and displays the benefits of the electrode Design 3 with the
straight edge. This with the drawback of a reduction in re-strike frequency leading to
more gas passing through the reactor untreated between every two consecutive glides.
In later sections, this drawback will be further discussed with potential solutions
offered. Nevertheless, the lower re-strike frequency offers another advantage over
higher frequencies: it allows for treating the gas for a longer period of time. This can
itself be beneficial for gas conversion or it can enable the excited species to interact

with a larger area of a potential catalyst layer.
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Figure. 4.8: A view of a few AC cycles of the voltage and current plots as a function
of time for Run 1 with nitrogen gas. The right side of each of the figures shows the
location of the viewed cycles on the full range of the recorded data. The different
sub-figures shown are taken sequentially from the ignition to the termination of the
discharge with (a) being at or near ignition, and (e) being at or near termination.
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Another method to determine if the PGD reactor operates in the region most
suitable for the chemical gas conversion of Ny and COs is to obtain an estimate of the
reduced electric field along the reactor. Using the electric data recorded and presented
in this chapter and some data obtained from the CFD model discussed in the next
chapter, a plot of the reduced electric field along the electrode edge was generated
and can be seen in Figure 4.9 below. The plot shows that the average reduced electric
field along the electrode length is always within the optimal range between 5 and 100
Td.
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Figure. 4.9: The reduced electric field values at 100 different intervals along the
length of the PGD reactor from the igniting point (2.9 cm) to the termination point
(12.9 cm) with Ny at 2.5 SLPM during run 1. The plot shows how for most of the
glide, the approximate reduced electric field is within the range ideal for dissociation
through vibrational excitation.

Using the recorded current and voltage signals, the instantaneous discharge power
can be calculated at each point in time over the same range using Equation 4.1. This
discretized power data was then plotted as a function of time and shown in Figure

4.10.
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Raw Power
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Figure. 4.10: Plot of the calculated raw power as a function of time for the run 1
with No. The orange horizontal line shows the the average power level at around 39

W.

The orange horizontal line represents the average power at around 39 W. How-
ever, the signal appears to be very noisy making any assessment on the peak power
consumption difficult. Therefore, a Butterworth band pass filter was applied to filter
out some of the noise. A Fast Fourier Transform (FFT) was produced for the data
before and after filtering. Figure 4.11 shows both the FFTs before and after applying
the filter to the current data collected from Run 1 with Ny. On both FFTs, there
are three visible peaks. The first, and the most significant, is the peak at 5 kHz.
The second and third represent the odd harmonics of the signal at 15 kHz and 25
kHz skipping over 10 kHz and 20 kHz. This is simply due to either the electrical
signal generation or amplification processes as suggested by the literature [68]. When

comparing both plots, it can be seen that the same three peaks remain relatively
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unchanged in terms of amplitude after filtering. Thus, we can safely assume that
the important features of the data remain unaffected. Moreover, when designing the
filter, care was taken to ensure the cut-off frequencies were far enough from the signal

of the voltage applied to the reactor.
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Figure. 4.11: FF'T plots for the current data before and after a filter is applied. The
peak at 5 kHz and its odd harmonics (15 kHz and 25 kHz) are almost unaffected by
the filter.

Figure 4.12 below shows the power as a function of time from Figure 4.10 but
after the filter was applied. The plotted data is a lot more clear at this point while
leaving the average power relatively unchanged at around 39 W. We can now also
see that the power peaks at around 135 W. These values, more precisely, the average

power will be useful in the next section for the CFD model. It could provide us with
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vital information about the power input into the plasma. However, care must be
taken into consideration since not all this power goes to the plasma for conversion
reactions. Some of the power is consumed by the electrodes or is lost as light gets

emitted from the plasma.

Filtered Power

Power (W)

Figure. 4.12: Plot of the calculated filtered power as a function of time for the
first run with Ny. The horizontal line shows the the average power level remains
unchanged at around 39 W.

Table 4.2: Summary of the important findings extracted from the included recorded
electrical data for all the runs with Ny. Peak voltage, current, and power obtained
from the filtered data sets are reported. The table also reports the average power for
each of the runs vital for the next step.

Runl Run2 Run3d Run4
Peak Voltage [kV] | 3.67 3.90 3.70 3.62
Peak Current [mA] | 54.56  49.96  49.64  49.33
Peak Power [W] 140.11 146.36 136.63 132.97
Average Power [W] | 38.43  39.62 39.93  40.27
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Chapter 5

Thermal and CFD Analysis

While it is easy to measure and record the voltage and current across the PGD
reactor during operation without any disruptions, flow data and other physical quan-
tities are harder to collect reliably without disruptions. However, for the purposes
of characterization, obtaining more information about flow and internal temperature
distributions will be useful. Thus, there arises a need to measure and record flow
and temperature data for use to validate a CFD and heat transfer model. Using the
CFD and heat transfer models, we can assess fine temperature and flow data that
enhance our ability to optimize the design and operation of the PGD reactor. Such
a model was developed using ANSYS Fluent. The meshing process, assumptions,
and boundary conditions will be presented in the coming sections. Next, the results
will be represented visually and discussed with the help of distributions, vectors, and
streamlines. Finally, some of the data is corroborated using real life temperature

distributions captured using the FLIR camera discussed in Section 3.5.
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5.1 Computational Fluid Dynamics (CFD) Analysis

In Chapter 2, an ideal temperature for the catalysts impregnated BNNT sheet was
discussed and found to be 300 °C at the minimum. Therefore, figuring out the BNNT
sheet temperature at different locations inside the PGD reactor could be useful. To
measure the actual temperature profile of the catalyst sheet through the quartz plates,
the FLIR A6260 camera is a good option since it allows for temperature measurements
through the quartz plate. However, since the lower bound of the temperature range
on the A6260 camera is 400 °C, it is not be ideal for this task. Thus, a different
method of measuring or estimating the temperature or temperature distribution of
the catalyst sheet is needed. This is where the CFD model comes in handy allowing
us to obtain estimates of BNNT sheet temperatures inside the reactor. The model
will also provide us with valuable insight about the flow inside the reactor. However,
setting up the model properly is vital in order to achieve or produce reliable data.
In this subsection, the mesh generation and optimization, boundary conditions, cell

zone conditions, materials, and assumptions will be clearly defined.

5.1.1 Mesh Generation and Optimization

After a geometric model of the PGD reactor was created to scale on Fusion 360, it
was exported as an stl file which can be imported into the geometry component in
ANSYS. This component of the ANSYS simulation project can be seen on the far
left of Figure 5.1. The figure itself shows all the components needed to run the CFD

analysis or the Project Schematic.
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Figure. 5.1: The ANSYS final project schematic for the simulation. The schematic
shows the sequence of ANSYS components needed to import the CAD design, gener-
ate the mesh, find the solution using Fluent, and finally represent the results visually.

As can be seen from the Project Schematic, after importing the model into AN-
SYS, it is then transferred to the meshing component where the model is divided into
small elements or cells. As previously discussed, the smaller the elements the better
the chances that the solution will converge and that better results will be obtained.
However, the Educational ANSYS licence being used has a limit of 512,000 on the
number of elements that could be processed. To achieve the best results possible
without surpassing the set limit, a non-uniform mesh was used. This means that
bodies or faces where more accuracy is needed will be comprised of a higher number
of cells as compared with low priority or low complexity bodies and faces. Moreover,
because of the symmetric nature of the PGD design, only half of the geometry needs
to be simulated, and it is then simply reflected about the symmetry plane in post-
processing. Table 5.1 below summarizes the important variables necessary to create

or replicate the mesh.
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Table 5.1: A summary of the options used when defining the mesh of the CAD
design to be imported into Fluent. These meshing options are applied to the entire
model.

Meshing Options
Physics Preference | CFD
Solver Preference | Fluent
Element Size [m] | 4.0 x 1073
Adaptive Sizing No
Growth Rate 1.9
Maximum Size [m] | 5.0 x 1072

A Body Sizing mesh was also applied to the fluid “bodies” in the model in order
to achieve a finer mesh. This was done to ensure accurate flow results due to the
higher degree of complexity. Table 5.2 summarizes the important variables applied

to the Body Sizing mesh.

Table 5.2: A summary of the options used when defining the body sizing mesh of
the fluid bodies in the CAD design. These options allow for a finer mesh in the fluid
bodies due to the higher degree of complexity and to obtain accurate results.

Body Sizing Options
Element Size m] 6.0x 10~*
Behazior Hard
Capture Curvature | No
Capture Proximity | No

After applying the mesh and body sizing options detailed in the tables above,
the meshing was done, and the quality and total number of cells were checked. The
resulting mesh had a maximum skewness of around 0.93 which is lower than the
maximum acceptable value of 0.95. Moreover, when examined further, it is seen that
only a very small percentage of cells have skewness values in the 0.90s giving us a

good mesh overall. It should be noted that arriving at the mesh options presented
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was a trial and error process where different combinations of the above variables were
applied at which point the quality of the mesh and total number of elements were

assessed.

5.1.2 Fluent Set Up, Boundary Conditions, and Assumptions
Set Up

After meshing the geometric model successfully, the mesh is imported into ANSYS
Fluent where the boundary conditions, cell zone conditions, materials, and calculation
parameters have to be clearly defined. First, the Fluent component in ANSYS is
launched, the screen in Figure 5.2 can be seen. This main window is where one can
navigate to the different tabs in order to set up the simulation and define how the

calculations will be carried out.
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Figure. 5.2: Main window seen when the ANSYS Fluent component is launched.
The window shows all the different tabs used for the set up, solution, and calculations.

First, in the General tab, the simulation is defined as pressure based and steady
state with an absolute velocity formulation. The acceleration due to gravity is also
set as 9.81 m/s? in the negative Y direction. The axis of the model can be seen at
the bottom right corner of the model display in Figure 5.2. Next, the model tab is
opened. The tab options can be seen in Figure 5.3. All the models should be kept
off except the Energy model which is responsible for solving the energy equation in
the solid and fluid domains. As for the Viscous model, the Reynolds number was
calculated using Equation 2.9 for the different flow rates at different points along the
flow of the gas in the PGD reactor. It was found that the Reynolds number never

exceeds 2000, thus, the Laminar viscous model is used.
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Models

Figure. 5.3: Different solution models used in ANSYS Fluent. For this study, the
viscous model is set to Laminar and the Energy model is turned on.

The next tab in the set up process allows the definition of the different materials
in the model. In our model, there are four different solid materials and one fluid.
The solid materials are brass for the electrodes, fused quartz for the glass, PTFE
for the gaskets, and BNNT for the catalyst layer. While most of the solid materials
were not found in the existing Fluent database and had to be created, nitrogen,
the working fluid, was predefined in the database. Table 5.3 below summarizes the
different material properties for the solid materials and working fluid in the simulation

as well as the sources used to obtain the quantities.
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Table 5.3: Summary of the different material properties used in the simulation.
The table provides the destiny thermal conductivity, and specific heat for each of the
bodies in the simulation. For the fluid body, the viscosity was also defined.

. Density  Thermal Conductivity Specific Heat (Cp)  Viscosity
Material (ke m~?) (Wmt°C) (Jkg'°C) (ke m—'s1) Sources
Fused Quartz | 2200 14 670 - [77]
Brass 8978 387.6 381 - A.NSYS
Library
PTFE 2025 0.2630 1030 - (78], [79]
BNNT 0.25 2.5 650 - [80]-[82]
: Piecewise _s ANSYS
Nitrogen 1.138 0.0242 Polynomial 1.66x10 Library

Next, three different fluid regions are defined. First, we have the region of nitro-
gen gas before the plasma is ignited. Next, we have the plasma fluid region between
the point of ignition and termination. Finally, we have the nitrogen gas region after
the plasma. These regions are identified using long exposure images and the MAT-
LAB code. A long exposure image taken from directly overhead of the reactor is
uploaded into MATLAB. A screenshot of the top view of the PGD reactor’s top view
is also uploaded. The code then prompts the user to pick out the four corners of
the reactor on both the image and screenshot in a clockwise fashion. The image is
then morphed to fit the CAD design screenshot. Finally, the ignition and termina-
tion points are selected on the morphed image to obtain the dimensions or the length
of the plasma regions. These dimensions are then used to define the different fluid
regions for the simulation. Figure 5.4 shows a sample of the what the three different

fluid regions look like.
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Figure. 5.4: Three different fluid regions or bodies in the simulation. Region one and
three are simply deigned as nitrogen gas. Region two is defined as nitrogen gas with
volumetric heat generation to simulate the plasma. This figure is only for illustrative
purposes and shows the regions on Design 2. The simulation was carried out on the
Design 3 geometry

For regions 1 and 3, nothing needs to be defined other than the working gas
(nitrogen). However, for region three, a source term needs to be defined. This source
term is an energy term that is applied to account for the energy that goes into the
plasma to heat up the gas. This term is defined as a volumetric power generation.
Initially, the average power value obtained at the end of the last chapter is used along
with the volume of region 2 to obtain the volumetric power generation. However,
as discussed previously, some of the power is lost as radiation. For the purposes of
this set up, assuming 100% of the power consumed by the PGD reactor goes into the
heating up the gas volume is acceptable. In later sections of this chapter, a better

approximation of the volumetric power generation will be obtained and utilized.
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Boundary Conditions

At this point, the boundary conditions are to be set in the appropriate tab. Table

5.4 summarizes the boundary conditions used for one of the runs.

Table 5.4: Summary of the boundary conditions set in Fluent to find the solution.
The inlet velocity of 0.78 m/s corresponding to a flow rate of 2.5 SLPM to simulate

Run 1

Boundary Conditions
. V =0.78 ms~!
Velocity Inlet T — 23 °C

Pressure Outlet

Zero Gauge Pressure

Fluid Walls

No Slip - Stationary Wall
Thermally Coupled

Outside Walls

Free Convection
Free Stream Temperature = 23 °C
Top Wall h = 22 Wm ™! °C?
Side Wall h = 7 Wm ™! °C?
Bottom Wall h = 11 Wm! °C?

Solid Interface Walls

0.159 cm Thick PTFE Condition Applied

The inlet is set as a velocity inlet with the appropriate velocities calculated using

Equation 5.1 and the applied flow rates using the MFC.

Q=VA (5.1)

where Q is the volumetric flow rate in m3/s, V is the inlet velocity in m/s and A

is the cross-sectional area of the inlet in m=.

2

The outlet is set as a pressure outlet at zero gauge pressure. The fluid walls,

shown in Figure 5.5, are defined as stationary walls with no slip and are thermally
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coupled. The outside walls of the reactor shown in Figure 5.6 are set up to experience
free convection with a free stream temperature of 23°C. The appropriate heat transfer
coefficients are shown in the table above. These numbers are calculated using the

Equations 5.2, 5.3, 5.4, and 5.5 solved sequentially.

<>

Fluid
Walls

Figure. 5.5: Fluid walls encompassing the three different fluid regions. The walls
are set as stationary walls with no slip and are thermally coupled.

Side Walls Top Wall

Bottom Wall

Figure. 5.6: Outside top, bottom, and side walls of the reactor set to experience
natural convection with coefficients of 22, 11, and 7 W/m.°C, respectively. The figure
shows Design 2 but is only for illustrative purposes.

gﬂ(Ts - TOO)L3
| 4o

Ra = (5.2)
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where Ra is the dimensionless Rayleigh number, g is the acceleration due to
gravity, § is the coefficient of thermal expansion, T} is the surface temperature, T, is
the ambient temperature, L is the characteristic length, v is the kinematic viscosity,

and « is thermal diffusivity.

Pr= g (5.3)
where Pr is the dimensionless Prandtl number.
0.67Ra'/*
Nu = 0.68 54
! T T (0.492/ Pryo/o]47s (5-4)
where Nu is the dimensionless Nusselt number.
Nu- -k
h= 72 (5.5)

finally, Nu is used to calculate the free convection coefficient (h) where k is the

thermal conductivity of the fluid.

Assumptions

Aside from the assumptions built into the CFD software itself, a few additional as-
sumptions and simplifications were made for the set up. The system is said to have
reached steady-state for both the CFD simulation and actual runs. The flow is as-
sumed to be laminar and the gases ideal. The ambient temperature and pressure
are assumed to be constant at 23 °C and 101.325 kPa, respectively. The material

properties listed in Table 5.3 are constant and not temperature dependent. However,
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the heat capacity of nitrogen is an exception and is assumed to be a function of tem-
perature and is given by a piece-wise polynomial. This is because the nitrogen gas
is expected to see a large temperature change as compared with other components
in the model. Finally, due to the presence of a thermal insulator (PTFE) at solid

interfaces, the contact resistance is assumed to be negligible.

As for the plasma region, it is assumed to be a region of uniform heat generation
between the discharge ignition and extinction points, as communicated previously.
This assumption holds due to the high frequency with which the discharge glides
(re-strike frequency). A more accurate representation is not required for the purposes
of this thesis and cannot be achieved using ANSYS. A more dedicated software to
conduct the complex analysis. The radiation effects from the plasma are assumed
to be negligible. Thus, the radiation option in Fluent is kept off. However, since
the plasma clearly emits a substantial amount of radiation, this was factored in and
will be shown later in this chapter. This is because the actual discharge volume
gets much hotter than the bulk gas temperature obtained by applying volumetric
heat generation to the plasma region in the model. Therefore, simply turning on the

radiation option in Fluent is not accurate.

5.2 IR Imaging and Temperature contours

In section 3.5, it was seen that the FLIR A500 camera was more suitable for capturing
2D temperature distribution of the reactor during operation. In this section, the set

up process for the camera and results obtained are presented and discussed.
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One of the most important steps of the set up process was to define the appro-
priate emissivity value for the top quartz plate. Initially, the emissivity value was
obtained from literature and found to be around 0.93 [75]. However, this value was
provided for the quartz at 20°C. Thus, a more accurate value was sought. To arrive
at the more accurate figure, a test was conducted using the FLIR camera and three
thermocouples. First, the three thermocouples were attached to different points on
the top quartz plate surface using some thermal grease to reduce contact resistance.
Next, the camera was mounted directly above the reactor with a clear view of the
top quartz plate surface and the thermocouple contact points. The reactor was then
initialized and operated until the temperatures stabilized to a steady state. Finally,
the FLIR camera was used to measure the temperature at the three thermocouple
contact points using the initial emissivity value. These values are compared with the
corresponding thermocouple readings and the emissivity adjusted until the FLIR cam-
era and thermocouple readings were in agreement. Table 5.5 below shows the FLIR
camera temperature readings for the first point at each emissivity interval compared

with the thermocouple readings.

Table 5.5: The FLIR camera temperature reading at point one compared to the
thermocouple readings as the emissivity is iteratively adjusted. The percentage dif-
ference slowly decreases as the emissivity was adjusted.

Emissivity | FLIR [°C] Thermocouple [°C] Percentage Difference [%)]
0.93 100.76 96.34 4.5
0.95 98.40 96.12 2.3
0.98 96.10 95.94 0.4

The table shows how as the emissivity value is adjusted from 0.93 to 0.95 and

then 0.98, the temperature values get closer with the percentage difference dropping.
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This same trend can be seen for the second and the third points whose data can be

found in Tables A.1 and A.2.

After obtaining a better estimate for the emissivity, the FLIR camera was then
used to capture 2D temperature distributions of the top quartz plate surface for all the
runs. Using these distributions, the maximum temperature and mean temperature
of the surface were obtained for each run. The collected data can be seen below in
Table 5.7.

Table 5.6: FLIR camera reading of the maximum, minimum and mean temperature
of the top quartz plate surface after for each of the runs after reaching steady-state.

Run | Flow Rate [SLPM] Maximum [°C] Minimum [°C] Mean [°C]
1 2.5 95.01 23.50 41.27
2 3.5 94.44 24.32 41.18
3 4.5 91.25 24.66 41.61
4 5.0 88.29 24.95 42.00

It can be seen that as the flow rate increases, the maximum temperature recorded
decreases, the minimum temperature increases, and the mean temperature remains
relatively constant. A better understanding of these results could be obtained by
examining the actual images captured by the FLIR camera. These can be seen in

Figure 5.7.
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Figure. 5.7: FLIR camera temperature profiles of the top quartz plate surface for
each of the runs. At the top right corner, the maximum temperature can be seen.
(a) Run one at 2.5 SLPM. (b) Run two at 3.5 SLPM. (c) Run three at 4.5 SLPM.
(d) Run four at 5.0 SLPM

Looking at the sub-figures in Figure 5.7, it can be seen that as the flow rate
increases, the temperature profile is increasingly stretched. This is simply due to the
faster rate of fluid flow inside the reactor. This causes a reduction in the maximum
temperature and an increase in minimum temperature as the heat is more spatially
dispersed by the faster moving fluid flow. However, since the power input into the
plasma remains the same regardless of the flow rate, the mean temperature remains

relatively constant.
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e [t should be noted that these distributions and data were only recorded after
the reactor has reached steady state. This was determined by plotting the
maximum temperature of the top quartz plate surface against time and allowing

it to flatten out. An example of such a plot can be seen below in Figure 5.8.

Temperature Over Time for PGD Reactor Running Nitrogen at 2.5 SLPM

120.00

100.00

80.00

Temperature (°C)
g

40.00

20.00

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Time (s)

Figure. 5.8: FLIR camera measured maximum temperature of the top quartz plate
surface as 2.5 SLPM as a function of time. The temperature reaches a maximum and
plateaus around 95°C.

The distribution and recorded data from the FLIR camera presented in this

section will be used in the next section to corroborate the CFD model developed.
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5.3 Analysis and Discussion of the Temperature Data

A significant percentage of the power consumed by the PGD reactor is emitted as
radiation. Using trail and error, an estimate of the percentage loss was found to be
around 35%. This figure was achieved by using the average power calculated from the
electrical data to calculate the volumetric heat generation if 100% of the power goes
into heating the volume. The simulation was then ran and the maximum, minimum,
and mean temperatures of the simulated top quartz plate surface are compared with
the experimental data obtained using the FLIR camera. The percentage was then
incrementally dropped until a close match was achieved at around 65% of the power.
Figure 5.9 shows an example of the temperature distribution of the simulated top

quartz plate surface.
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Figure. 5.9: Temperature distribution of the simulated top quartz plate surface of
the reactor. A hot spot forms with a maximum temperature of around 96°C.

Table 5.7 below compares the simulated maximum temperatures with the corre-

sponding experimental values.

Table 5.7: The FLIR camera maximum temperature reading for each run compared
with the values obtained from the ANSYS Fluent simulation.

Run | Simulated [°C] Experimental [°C] Percentage Error [%)]
1 96.36 95.01 1.42
2 93.24 94.44 1.27
3 90.12 91.25 1.24
4 87.79 88.29 0.57

At this point, we could use the simulation to obtain more information about the

flow and conditions inside the PGD reactor. One of the most important pieces of



116 Thermal and CFD Analysis

information has to do with the temperature of the BNNT catalyst layer. Previously,
it was discussed how a temperature of at least 300 °C was necessary for catalytic
activation. Figure 5.10 shows the simulated temperature of a BNNT catalyst layer

covering the entire bottom of the inside of the PGD reactor.

Ansys
Temperature 2024 R1
Temp BNNT Sheet O STUDENT
125.47

119.84
114.20

[C]

4‘_1
O ’
0.100 (m)
]

0 0.050

0.025 0.075

Figure. 5.10: Temperature distribution of the simulated BNNT catalyst areas on
the bottom plate of the reactor. The hottest parts can be seen to have temperatures
of around 125 °C falling short of the 300 °C requirement.

It can be seen that the temperature reaches a maximum of around 126 °C some
distance from the shortest gap. Thus, we are short of the required activation tem-
perature. A simple fix is to input more power into the PGD reactor. However, one
key point to consider is that, for our PGD reactor, quartz plate were used with the

absences of thermal insulation in order to allow for visual observation of the plasma.
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In a real world application, the reactor will be insulated to allow for maximum reten-
tion of thermal energy. Thus, it will likely reach much higher temperatures at steady
state. To test this theory and simulate a situation with thermal insulation, the simu-
lation was repeated with surfaces experiencing free convective cooling on the outside
of the reactor (Fig. 5.6), set to have half of their respective heat transfer coefficients

from Table 5.4. The resulting BNNT catalyst layer temperature distribution can be

seen in Figure 5.11.
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Figure. 5.11: Temperature distribution of the simulated BNNT catalyst layer on
the bottom plate of the reactor with half of the heat transfer coeflicient values (h/2).
The hottest areas can be seen to have temperatures of around 147 °C still falling short
of the 300 °C requirement.

One can observe that even with half the heat transfer coefficients, the BNNT

catalyst layer’s maximum temperature does not reach the required activation tem-
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perature. Finally, we tested the extreme case where the PGD reactor is completely
insulated and only allowing the heat to get dissipated by the action of the gas flow

inside the reactor. The resulting BNNT catalyst layer maximum temperature can be

seen in Figure 5.12.

5
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Figure. 5.12: Temperature distribution of the simulated BNNT catalyst layer on
the bottom plate of the reactor with no convection on the top and bottom (h = 0).
The hottest areas can be seen to have temperatures of around 212 °C, again, still
falling short of the required temperature.

Even in this case where the heat is only dissipated through the flowing Ny gas
inside the reactor, the catalyst layer only reached a maximum temperature of 212 °C.
This is still short of the required activation temperature of 300 °C. Therefore, we can
conclude that the current power input of around 39 W is not sufficient to allow the

BNNT catalyst layer to reach the activation temperature. Using trial and error, the
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power value at which the BNNT sheet finally achieves the required temperature was
obtained. A volumetric heat generation value of around 1.9x10” W/m? was input into
Fluent, resulting in the distribution shown in Figure 5.13. Using the volume of the
plasma region obtained from the geometry (1.75x107% m?), the power in the plasma
was calculated to be around 33 W. However, if we assume that this only represents

65% of the electrical energy input, then the required electrical energy input for the

BNNT sheet to reach the desired temperature is around 51 W.

-]

[ 0.045 0090 (m) O
1

00225 0.067

Figure. 5.13: Temperature distribution of the simulated BNNT catalyst layer on
the bottom plate of the reactor with a volumetric heat generation value of 19000000
W/m? and h/2. Some areas of the layer have reached the required temperature.
However these areas with temperatures greater than 300 °C are limited affecting the
performance of the reactor.
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Looking at the figure above, one can see that the BNNT sheet only reaches 300
°C or more in a limited area while in most other areas, the temperature is in the
100s. This makes it economically wise to only place the catalyst layers in those areas.
However, this significantly limits the PGD reactor and does not allow it to take full
advantage of Design 3 with the expanded NTP region. An alternative would be to
increase the power further to allow more of the BNNT catalyst layer to reach the

desired temperature.

Next, we had a look at the velocity vector of the flow at a horizontal slice directly

at the center of the PGD reactor which can be seen in Figure 5.14.

Velocity Ar:osz4yns1
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0.025 0.076

Figure. 5.14: A visual representation of the flow inside the reactor using velocity
vectors. The vectors shown are of the flow at a horizontal layer in the middle of the
flow. Vortices can be seen on either side of the main flow down the center.
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In the figure above, it can be seen that most of the flow is down the middle of
the reactor. However, two vortices are observed to either side of the main flow right
after is passes the shortest gap. These are called recirculation cells caused by the
separation of the flow due to the divergence of the electrodes beyond a critical value.
Thus, a smaller angle could eliminate the vortices if they are deemed not desirable.
However, looking at the magnitude of the velocity of the vortices we can see that
they are very small. Thus, they are unlikely to have any effect and may not result in
sufficient mixing of the reactive species inside the reactor. However, more or stronger
vortices could possibly be induced. Another thing to note is that there is very limited
flow in the areas where the BNNT catalyst layer reached the desired temperature.
This further shows how more power is required to heat up the catalyst layer in the

regions where more of the gases flow.

To better visualize the vortices, a streamline representing simulated paths that
gas particles follow as they move through the reactor. The generated streamline can

be seen in Figure 5.15.
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Figure. 5.15: A visual representation of the paths of Ny particles moving through
the reactor at a flow rate of 2.5 SLPM. The streamlines illustrate the flow direction,
pattern, and speed, and also highlight vortices, such as those observed on both sides
of the main flow.
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Chapter 6

Conclusion and Future Works

6.1 Conclusions

This work aimed to further study the use of NTPs for gas conversion of waste products
such as CO5 and Ny from the atmosphere to produce carbon-neutral or zero-carbon
fuels. Throughout this thesis, various methods of producing and sustaining NTPs
were examined, with planar gliding discharge reactors showing great potential for
this purpose. A PGD reactor was designed and tested with Ny gas and compressed
air, yielding valuable electrical and thermal data. These findings pave the way for
future work to develop this reactor into a viable option for producing zero-carbon and

carbon-neutral fuels, aiding the electrification efforts for heavy industrial processes.

The first objective was to design and build a PGD reactor to characterize the
discharge. The reactor needed to generate a stable and repetitive discharge, be easily
assembled and disassembled, and allow for a catalyst layer to be introduced inside.

The reactor design was meticulously documented through an iterative process to
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meet these objectives and additional design constraints. Using quartz plates as the
reactor walls allowed for visual observation to ensure a stable and repetitive discharge.
The layered design, assembled with clamps and no binding agents, facilitated easy

assembly and disassembly, allowing for future catalyst layer introduction.

The second objective was to optimize the PGD reactor design. In a PGD reac-
tor, the discharge transitions from a thermal discharge to a non-thermal discharge
as it lengthens and cools. The NTP region can be more efficient for gas conversion
applications due to the cooler temperatures while maintaining the reactive environ-
ment. The electrode design was iteratively improved over three different iterations to
maximize the NTP region compared to the TP region by straightening out the inner
electrode edge or keeping the gap constant at the end of the discharge. This, how-
ever, resulted in lower re-strike frequencies and more gas passing untreated between
consecutive glides. For Design 2, each glide took about 110.94 ms =+ 1.53%, while for
Design 3, each glide took around 194.79 ms+1.5%, representing a percentage increase
of around 75.58 % =+ 2.88%. On the other hand, since the discharge time for each glide

is longer, the gas is treated for longer, which could be beneficial for our purposes.

The final objective was to characterize the produced discharge by collecting and
examining electrical, thermal, and flow data. Using a voltage probe, current trans-
former, and an oscilloscope, the electrical data were collected. The voltage signal
followed the inner electrode gap, allowing us to draw conclusions between the elec-
trical data and certain points along the inner electrode edge. This phenomenon was
used to test the hypothesis that the straight section of the electrode allows the reactor
to maintain an NTP for a longer time. A more sinusoidal voltage signal was observed

for the straight section of Design 3, as opposed to the two-peak signal characteristic of
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thermal arcs in the divergent section of the discharge. The reduced electric field was
also calculated for a run with Ny gas at 2.5 SLPM and found to be in the optimum
region for efficient dissociation of Ny molecules through vibration excitation. Finally,

the average power for all the runs with Ny gas was between 38.43 W and 40.27 W.

The thermal data obtained in this study were for verifying the simulated data
from the CFD analysis. The FLIR camera used (FLIR A500) in this study is unable
to capture temperature distributions inside the reactor to examine the maximum
temperature for the catalyst layer and ensure the required maximum temperature
of 300 °C is achieved. Only the temperature profile of the top quartz plate was
captured for the different runs after reaching steady state. The power input in the
CFD simulation was then adjusted until the simulated temperature distribution of
the top quartz plate matched the FLIR captured distributions. At that point, the
temperature distribution of the simulated BNNT catalyst layer could be obtained. At
the calculated free convection heat transfer coefficients, the BNNT catalyst sheet only
reached a maximum temperature of around 125 °C. At half the coefficient values to
simulate an insulated reactor, the maximum temperature only reached around 146.99
°C. Finally, with no heat transfer through convection, the temperature still fell short
at 212.94 °C. The power input in the CFD software was then adjusted until the BNNT
layer reached the desired temperature. It was found that an average power of around

51 W could be enough for the BNNT catalyst layer to reach 300 °C.

The CFD software was also used to examine the gas flow through the reactor.
Examining the velocity vectors and streamlines for the different flow rates, vortices
were observed on either side of the main flow down the center of the reactor. However,

the magnitude of these vortices is not sufficient to have major effects on the operation
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of the reactor. Stronger vortices could be induced through different means to help

circulate reactive species in the reactor, increasing the residence time.

In conclusion, this thesis has successfully documented the design, optimization,
and characterization of a PGD reactor for the purpose of gas conversion using NTPs.
The electrical signals and thermal data collected provide valuable insights into the
operation of the reactor. The CFD simulations conducted offer a deeper understand-
ing of the temperature and flow dynamics within the reactor. The collected data
and findings help expand and deepen our understanding of PGD reactors. More-
over, this study lays the foundation for future work aimed at improving the current
PGD reactor design and exploring its potential in the production of zero-carbon and
carbon-neutral fuels. By advancing the understanding of NTP-based gas conversion,
this study contributes to the broader goal of electrifying heavy industrial processes
and reducing their greenhouse gas emissions, thus supporting global efforts to combat

climate change and energy transition efforts.

6.2 Future Works

Although electrode Design 3 successfully prolongs the treatment time and the NTP
region, it reduces the total volume of gas treated. In the future, various methods can
be used to mitigate this disadvantage. One method suggested earlier involves studying
the effect of structures that induce vortices. This could be done quantitatively by
using an FTIR or other means to analyze output gases for different products and
calculating conversion rates and energy efficiencies. Another method is to use a
constant or variable magnetic field applied to the discharge to alter the way it glides.

For example, a magnetic field applied perpendicularly to the direction of the flow
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could either slow down or speed up the discharge. Interestingly, with an alternating
current, the force exerted by the magnetic field on the discharge is constantly changing
direction, switching back and forth, forcing the discharge to essentially wiggle. This,
in theory, can allow the discharge to treat a larger volume of gas while still remaining

in the NTP region.

Another future direction would be to work on the scalability of the reactor.
This could be achieved by using a larger, more powerful reactor. However, there
is a limitation on the size of PGD reactors. Another way to achieve larger-scale
production would be to number up and use multiple systems in series. This approach
would allow more freedom in the production magnitude per the required application.
Moreover, having multiple smaller systems in series would enable a facility to run at

lower capacities depending on the amount of excess energy available.
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Appendix A

FLIR Camera and Thermocouple

Temperature Value Comparison

Table A.1: The FLIR camera temperature reading at point two compared to the
thermocouple readings as the emissivity is iteratively adjusted. The percentage dif-
ference slowly decreases as the emissivity was adjusted.

Emissivity | FLIR [°C] Thermocouple [°C] Percentage Difference [%]
0.93 91.66 89.53 24
0.95 90.99 90.12 1.0
0.98 89.12 89.76 0.7

Table A.2: The FLIR camera temperature reading at point three compared to
the thermocouple readings as the emissivity is iteratively adjusted. The percentage
difference slowly decreases as the emissivity was adjusted.

Emissivity | FLIR [°C] Thermocouple [°C] Percentage Difference [%]
0.93 96.73 94.03 2.8
0.95 95.10 93.86 1.3
0.98 94.47 94.15 0.3
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